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Abstract 
 
Among the most impressive developments observed in the last 20 years, the improvement of the 
installation methods of monolithic refractories is certainly to be taken into account. However, this 
evolution, from vibratable castables to shotcrete and drycrete was not applied to materials based on 
magnesia, which are still mostly commercialized as ramming mixes, or as pouring castables with poor 
properties due to excessive water use. The major issues associated to this lack of technology is the 
scarcity of submicrometric powders compatible to magnesian systems, and the expansion followed by 
hydration of the magnesia, which is a disruptive reaction. 
By a thorough research on the literature, some potential additives were identified to be tested as anti-
hydration additives. Hydration tests of powders in autoclave, complemented by pH and rheological 
measurements on magnesia pastes have identified five possible additives which can be used to inhibit the 
hydration: tartaric acid, citric acid, boric acid, magnesium fluoride and microsilica. Salts from the organic 
acids can also be successfully used. Of these, microsilica also presented the advantage of providing the 
submicrometric particles necessary to improve the flow of the castable, and to improve the bond of the 
castable. The three acids are very effective in inhibiting the formation of magnesium hydroxide, but affect 
negatively flow properties and mechanical resistance after cure.  
Microsilica prevented hydration cracks due to the reaction between the silicic acid generated under basic 
environment with the newly formed brucite, leading to the precipitation of a magnesium-silica-hydrated 
phase of poor crystallinity between the magnesia grains. This phase does not promote volumetric change, 
and also enable water release at a wider temperature range. Due to its nature close to serpentine minerals, 
it forms forsterite and enstatite at low temperatures, thus generating suitable strength between room 
temperature and at least 1400 °C. 
Magnesium fluoride changed the nature of this magnesium-silica-hydrated phase, by being incorporated 
to it and forming a phase more similar to the humite minerals. These minerals present higher MgO:SiO2 
molar ratio than serpentine, and their formation requires a lower content of microsilica for a same effect 
against hydration, which is beneficial for the overall properties of the castable. 
The properties of the castable, as well as the influence of a number of other variables (for instance, 
refractoriness under load, creep, cold crushing strength, cold modulus of rupture, bulk density and 
apparent porosity) were also studied and hereby reported. It is believed that this technology can be further 
developed for industrial use, provided that some issues regarding the properties at high temperatures are 
solved. Not only had the study and comprehension of the nature of the bond between microsilica and 
magnesia, and the role of magnesium fluoride been pioneered by this work, but also the methodology 
used to evaluate the hydration after the drying process of castings, which was close to real refractory 
components. 
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1. Introduction 
 
 
Refractory materials are one of the backbones of modern society. Its presence in almost all of the 
basic processes of production of metals, ceramics and polymers makes these composite materials 
essential to modern life. Our society is unimaginable without steel, copper, aluminum, glass, cement, 
lime, sanitary ware, polyolefins or other oil derivatives. High temperatures, varying from several hundred 
degrees Celsius up to almost 2000 °C, are needed for the production of all these materials. Extreme 
environments — rich in molten and gaseous alkalis, acids, carbon monoxide, sulfur oxides, acid and basic 
slags, among others — are common as well. Thus, in order to ensure economical and reliable production 
with a safe operation, hundreds or even thousands of different refractory materials are commercially 
available and under continuous development, so that the most strict specifications can be reached. It is not 
false to affirm that every new equipment developed for a specific high temperature process is only made 
possible through an appropriate refractory design, among other factors. 
Refractories are in use since mankind began to develop metallurgical process, being clay the first 
refractory raw material ever used. This traces refractory development back to years 3500-3000 BC [1], 
and at around 1500 BC furnaces made of refractory bricks have started to be developed for the production 
of metals and glass. Up to the 19
th
 century, refractories were composed of natural ores, such as dolomite 
stones and clay, because the temperatures required for ore beneficiation, as well as the aggressiveness of 
the industrial slags, were not as demanding as those of modern industry. It was in the end of the 18
th
 and 
beginning of 19
th
 century that the foundations of modern metal beneficiation, the development of Portland 
cement and of modern glass processes started to impose higher requirements to the refractory industry. 
The new processes demanded higher quality refractory linings, which brought the need to use higher 
quality raw materials. Silica, zircon sand, chrome ore, magnesite, dolomite and fireclay started to be used 
according to the particularities of the process for which the refractory was needed. Schaefer rediscovered 
monolithic linings at 1914 [1], which were pliable in the beginning, but evolved to cement-bonded 
powdery concretes in the 1930’s. In the 1960’s, calcium-aluminate cements, more specifically Ciment 
Fondue started to be used for refractory applications, followed by higher-quality 70% and 80% cements 
in the end of 1970’s and beginning of 1980’s. Concomitantly, the difference between mechanical and 
corrosion resistance of castables, when compared to bricks, started to be diminished, due to the 
introduction of super-fine raw materials and dispersing aids to castables, which enabled the reduction of 
cement and water content, creating a more compact macrostructure with enhanced properties. In the 
beginning of the 1990’s, pumping and shotcreting processes were adapted from the building to the 
refractory industry, which enabled very high installation rates, and also reduced the material losses and 
environmental problems associated to dry gunning.  
A great variety of raw materials were synthetically developed for the castable industry, such as 
microsilica, reactive aluminas, high-purity calcium aluminate cements, hydratable aluminas, colloidal 
silica, polymeric and steel fibers, polyelectrolytes, setting time regulators, among others. However, these 
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raw materials are mostly compatible with acidic and neutral refractory systems, not being as effective for 
basic castables. That means that, while alumina and chamotte-based concretes were being steadily 
improved, the ―state-of-the-art‖ technology for magnesia and doloma-based castables continues to be 
ramming and patching mixes, or highly porous vibrated or dry gunned monolithic linings. These have a 
widespread use as repair mixes or collapsible linings for tundishes for the continuous casting of steel, but 
no major use where corrosion and abrasion resistance are needed. This hindrance limits the use of 
magnesia-based castables, which would be advantageous to the metallurgical and cement industry, 
because almost all of the processes are carried under highly-basic environment. Moreover, sintered 
magnesia is a much less expensive raw material than the synthetic tabular and electrofused aluminas. 
Most of this limitation of use of magnesia for the high-technology castable industry lies on the lack 
of knowledge involving the potential use of its interaction with water (hydration) to develop a useful 
bond, similar to that of cement and hydratable alumina. It is quite clear that the disruption caused by the 
formation of magnesium hydroxide has somehow to be controlled, in order to achieve suitable properties 
after curing and firing. Of the many commercial bonding systems, almost none is able to provide the 
castable with a consistency similar to that of the modern self-flow pumpable alumina-based concretes. Of 
them, microsilica was the chosen one for this work, because of its known effect for the prevention of 
hydration, and because of its microscopic size, which leads to improvement in castable consistency 
despite the reduction in water content. Even though microsilica is well reported as an ―anti-hydration‖ 
technique [2], the nature of its bond with magnesia in refractory castables is more speculated than 
scientifically described. On the other hand, microsilica forms with magnesia the silicates forsterite (M2S) 
and enstatite (MS) upon firing, which reduces the refractoriness of the material. These compounds are 
also less basic than magnesia itself, thus leading to poorer resistance under basic environments. Hence, 
the addition of silica must be controlled to a maximum acceptable level. 
It is thus the scope of the present work to research the nature of the bonding between microsilica, 
sintered magnesia and water, and its effect on the damage due to the formation of magnesium hydroxide. 
The effect of some additives on this reaction was also studied, with the aim of reducing the total amount 
of silica necessary to prevent the hydration damage. The development of such technology and its 
application to self-flow castables based on magnesia can lead to the replacement of some alumina-spinel 
components nowadays in use at the metallurgical industry. This would lead to technological advantages 
and to reduction of the ever-increasing supply and cost constraints arisen by the shortage and monopoly 
of the refractory bauxite reserves. 
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2. Literature review 
 
 
The present literature review begins with some notions about sintered magnesia nature and 
production, followed by the mechanisms of magnesia hydration and methods to prevent it. A short 
overview on monolithic technology will also be presented, in order to introduce the following part, which 
deals with the history and actual technology of magnesia-based monolithics, more specifically mixes and 
concretes, including binder systems and commonly used additives. At last, a review about the most 
significant literature on magnesia-silica-sellaite-water systems with an impact to the present work will be 
presented. It is not the aim of the present work to review all the subjects extensively, and the reader can 
access some of the bibliography cited at the end of the thesis for more detailed information. 
 
 
2.1. Sintered magnesia production 
 
 
Magnesium oxide, or also commonly known by the commercial name magnesia, or the mineralogical 
name periclase, is the most important and used raw material for the production of refractory materials, 
mainly due to its high refractoriness (melting point at around 2800 °C), and high resistance against basic 
environments and slags (which includes those of the metallurgical extraction of steel, copper, zinc, nickel 
and other metals; as well as molten Portland cement clinker and lime). In combination with some other 
raw materials, such as chromite ore, synthetic spinels, olivine compounds, carbon sources, doloma and 
zirconia, some of the major problems associated to pure magnesia refractories — poor resistance to 
thermal cycling, high permeability to gases and liquids, and high coefficient of thermal expansion — are 
circumvented. 
For refractory purposes, there are two main groups of raw materials composed mainly of magnesium 
oxide: fused and sintered (or dead-burned) magnesia. Fused magnesia is produced from the electrofusion 
in an arc furnace either from magnesium carbonate or from calcined/dead-burned magnesia. Due to its 
higher crystal size, and thus lower specific surface area, fused magnesia provides better corrosion 
resistance and stability against hydration than sintered magnesia. 
The focus of the present work is on sintered magnesia, and its production process is depicted in the 
simplified flowchart of Figure 2.1. The raw materials for the sintering process are of different natures [3]: 
- magnesium carbonate – also known as magnesite, has a chemical formula MgCO3, and is a 
widespread mineral around the world, with global reserves in excess of 13 billion tones [3]. The 
purity of the ores used for refractory purposes is generally between 90 and 95%, but through 
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beneficiation processes it can achieve purities exceeding 98% MgO (in a calcined basis). It has 
different genesis processes, but most commonly it is resultant from the metamorphism of serpentine 
or dolomite rocks, under hydrothermal conditions. It can also be naturally or biogenically 
precipitated from sea water. The ore can be straightforward fired, in the one-step process depicted 
on Figure 2.1, or can be purified (e.g. by froth flotation for the segregation of serpentine minerals), 
calcined to produce caustic magnesia, agglomerated, and subsequently dead-burned, in order to 
achieve a high-density, low-porosity magnesia sinter. Less common as commercial deposits are the 
hydrated carbonates and the basic magnesium carbonates, compounds with the presence of structural 
water, or structural water and hydroxyl groups, respectively. Their beneficiation process is identical 
to that of magnesite; 
 
 
Figure 2.1 Simplified flowchart of the production process of dead-burned magnesia. 
 
- magnesium hydroxide – also known as the mineral brucite, with a chemical formula Mg(OH)2, is 
a rare mineral, with seldom commercial occurrence. Derived from the thermal metamorphism of 
magnesite or of dolomite (CaCO3.MgCO3), it is generally explored to the production of caustic 
magnesia, with no destination to the production of sintered or fused magnesia; 
- magnesium chloride-rich brines – brines are mixtures of salts, and some deposits which are rich 
in magnesium chloride are suitable for the production of high-purity magnesia. The brine is pumped 
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from a lake or a well up to a production facility, in which it is reacted with a solution of high pH rich 
in calcium hydroxide [3]. This solution may be obtained from limestone, or preferentially from 
dolomitic limestone (which enhances the recovery rates of the process, due to the previous presence 
of magnesium). Both magnesium hydroxide and calcium chloride are formed, but the former is 
insoluble in water, and precipitates. It is collected, dried and calcined, as shown in Figure 2.1. This 
calcined product is agglomerated and dead-burned, for the production of high-purity and high-
density sintered magnesia. This process is also used for the less-common deposits of evaporates, 
which are minerals rich in magnesium chlorides and sulfates, as well as in potassium, calcium and 
sodium; 
- sea water – magnesium is the third most abundant element in sea water, after chlorine and 
sodium [3]. The production of sea-water magnesia leads to a product with very high purity, and is 
accomplished by a process similar to that above described for extraction from brines. 
The calcination process is necessary to drive-out the carbonate and/or water present in the feed 
material, and is followed by an increase in specific surface area and porosity, which creates a very 
reactive form of magnesia, named caustic magnesia. This magnesia is generally unsuitable for the 
production of refractories, due to its high reactivity, friability and poor resistance against hydration. Thus, 
it is agglomerated, generally by briquetting or pelletizing, and these agglomerates are further sintered in 
rotary or shaft kilns, at temperatures exceeding 1800 °C, usually over 2000 °C. For lower purity 
magnesite ores, a simplified process may also be used, provided that the rocks do not burst inside the 
oven. The lump ore is fed to the oven, and a simultaneous process of calcination and sintering occurs 
during the firing. The magnesia thus formed is characterized by high porosity (exceeding 10%), and 
elongated pores, formed by the exit of the carbon dioxide. The sintering is guaranteed by the higher 
impurity level of the ore and a lime-to-silica ratio lower than 2.0, which fosters the development of the 
lower eutectic forming phases merwinite (C3MS2) and monticellite (CMS). The single-step firing of dead-
burned magnesia is generally carried out at around 1800 °C. 
 
 
2.2. Hydration of magnesia 
 
 
Even though the high temperatures at which dead-burned magnesia is produced generate a raw 
material with very high stability against changes due to the surrounding environment, it may still be 
subject to hydration when finely pulverized, or at freshly exposed surfaces (e.g. after milling or due to 
abrasion during high-intensity mixing). As long as refractory monolithics based solely on magnesia 
generally need the use of grain sizes ranging from few micrometers up to several millimeters in an 
aqueous environment, hydration control is fundamental to the application of these materials. Moreover, 
during drying of the refractory lining, these monolithics are exposed to super-heated steam [4], which 
imposes also a threat to structural integrity. 
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Both hydration and dehydration of magnesium oxide were thoroughly studied during the 20
th
 century. 
Studies focused on refractory monolithics are not as usual as those made on pure compounds, and began 
to appear systematically only in the later 10-15 years. Of these, generally the hydration of magnesia is 
associated to other compounds, such as calcium aluminate cement and hydratable alumina. The following 
sub-chapters present an overview of the mechanism of hydration of magnesium oxide, its applicability to 
refractory castables, and some reported ways to prevent it. 
 
 
2.2.1. Mechanism of hydration of magnesia 
 
 
A first observation is the dependence that the resistance to hydration presents due to the production 
process. Anderson et al. [5] studied the interaction of water vapor with the surface of magnesium oxide, 
and found that the kinetics of hydration of the surface is affected by its thermal history. Brucite fired 
under vacuum at 1000 °C to form magnesia had slower changes in the presence of water vapor at the 
surface, than that thermally treated at 300 °C. These changes are associated to the formation of a 
monolayer of hydroxyl ions strongly attached to magnesium atoms at the surface of the magnesia crystals 
on the onset of hydration, with further adsorption of water molecules onto this layer. Hydroxyl ions were 
firmly bound to the surface of magnesia up to temperatures as high as 900 °C, in the form of a monolayer, 
even though magnesium hydroxide decomposes to the formation of the oxide at temperatures around 300 
°C [6], sometimes even lower [7]. As the relative pressure of water vapor increased, hydration could be 
observed as a steady increase of the rate of water adsorption, but for the magnesia fired at higher 
temperature, this hydration occurred only at higher pressures of water [5]. In another study, Aphane et al. 
[8] also found differences related to the firing temperature of natural magnesite in the kinetics of 
hydration reaction by liquid water at 80 °C of magnesia. However, the temperature of thermal treatment 
influenced only the speed of reaction, not the final degree of conversion to hydroxide after 1,000 minutes 
of reaction, which was between 63 and 66%. Even though the rate of hydration is influenced by the 
thermal history of the magnesia, the mechanism of hydration is the same, no matter which magnesia 
source is used, and an extensive literature is available on the subject. 
Segall et al. [9] studied magnesia smoke crystals produced from the ignition of pure magnesium, in 
order to produce crystals with very low defect density. The experiments were run at solutions of pH 
ranging from 2 to 4, and under 25 °C. Dissolution rate was calculated from the increase of pH as the MgO 
particles dissolved. Their results showed that surface modification by the protons, more specifically 
cation removal, is the rate limiting mechanism. The attack of the surface by the protons occurs 
preferentially at higher energy spots, such as corners, edges and kink sites, like also observed elsewhere 
[10]. As the reaction proceeds, surface roughening and particle size reduction are observed and lead to a 
steady increase in the surface area. After 60% of dissolution, the reaction increases in speed rapidly, and 
there is a steep increase in the surface area.  
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In contrast to the perfect crystals used at Ref.[9], Vermilyea [11] used ground crystals obtained from 
optical grade fused magnesia, for his studies with water at 25 and 75 °C. The comparison to the 
dissolution behavior of magnesium hydroxide revealed that magnesia, when exposed to liquid water, is 
first covered with a layer of hydroxide. The dissolution of this layer controls the reaction rate, which can 
be affected by protonation at pH below 6, or by diffusion of Mg
2+
 and OH
-
 ions to the solution at pH 
above 8. The increase in temperature led to a ten-fold increase on the reaction rate. Raschman and 
Fedoročková [12] also reported a very strong effect of an increase in temperature from 40 to 80 °C in 
their study of hydration of polycrystalline magnesia in HCl solutions. 
Fruhwirth et al. [13] compared the effects of hydration by liquid water on single crystals and powder 
samples, and found three different rate controlling mechanisms, according to the pH of the solution. At 
pH below 5, the reaction rate is controlled by the proton attack onto the surface of magnesia, but as the 
concentration of Mg
2+
 cations in solution increases, the reaction begins to be controlled by the dissolution 
of hydroxyl and cation. The reaction can be described by Equation 2.1: 
 
                    
              
                 
  (Equation 2.1) 
 
At pH around 5, or at higher temperatures (>50 °C), the reaction is controlled by the diffusion of 
protons at the surface, in accordance to the results of Vermilyea [11] for pH between 5 and 9. This 
mechanism keeps the rate of reaction roughly constant at this range. However, Fruhwirth et al. [13] found 
an increase at the rate of reaction at pH 7 and above, speculated to be due to an OH
-
 attack on the surface, 
which discharges the protonated magnesium oxide, and leads to a rapid increase in the dissolution of 
cation and hydroxyl, according to Equation 2.2: 
 
           
            
                 
                  
     (Equation 2.2) 
 
The rate of reaction is controlled by the OH
-
 attack onto the surface of the magnesia up to a limit, in 
which dissolution of cation and hydroxyl starts to control the reaction.  
In all pH ranges, however, the solutions achieve a supersaturation period for the Mg(OH)2, followed 
by its precipitation over the MgO surface. The rate of hydration is controlled by the rate of dissolution of 
the MgO, and, as the hydroxide nucleates and grows on its surface — and finally covers it — the 
hydration reaction is slowed, due to a difficulty to dissolve the oxide (which is 60 times more soluble in 
water than the hydroxide [11]). In the presence of free magnesium hydroxide crystals in suspension, this 
nucleation and growth does not occur over the periclase crystals, but over brucite, and much higher rates 
of hydration were measured. This observation is coherent to that of Vermilyea [11], that dissolution of 
periclase has a similar kinetics as that of brucite. 
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A similar result was also encountered by Birchal et al. [14], who studied caustic magnesia hydrated 
in water between 35 and 90 °C. In this case, the hydration rate was reduced as a result of the changes 
done to the pore structure due to hydroxide deposition. Just like Fruhwirth et al. [13], these authors found 
similarities between their proposed model for hydration under water and the results obtained by other 
authors who studied hydration by water vapor.  
Hydration of magnesia under water vapor environment was studied by many authors. Layden and 
Brindley [15] studied the hydration of dead-burned magnesia (produced from magnesite fired at 1800 °C 
x 2 hours) under different pressures of water vapor and temperatures up to 98 °C. The magnesia was 
hydrated after a nucleation period, which was smaller with an increase in temperature. That means that 
the formation of nuclei of hydroxide is temperature-dependent. This nucleation phenomenon occurs after 
the adsorption of water vapor onto the surface of the periclase crystals, with subsequent formation of a 
water film. This film reacts with the surface of the oxide, thus forming the hydroxide at a constant rate. 
The maintenance of this rate is only possible due to the formation of cracks and fissures on the material, 
associated to the disruptive nature of the formation of magnesium hydroxide, with a volume expansion of 
120% [4, 16]. These authors also report that, at relative pressures of vapor lower than 0.3, hydration 
proceeds at an insignificant rate, even at 98 °C.  
Subsequent data from Bratton and Brindley [17] for the dead-burned magnesia above described, and 
for fused magnesia monocrystals, have shown — based on the similarity of the reaction rate to the BET 
multilayer adsorption equation — that the most probable reaction path for the hydration of magnesium 
oxide by water vapor is as described by Equation 2.3: 
 
   ( )     ( )     (   )           (  ) ( )  (Equation 2.3) 
 
It should be noted that Equation 2.3 does not exclude the possibility of intermediary steps, such as 
described by Equations 2.1 and 2.2. In this work, it was also reported slower rates of reaction at water 
vapor relative pressures lower than 0.66, probably due to imperfect adsorption of water onto periclase 
crystals. 
These results are in accordance to those reported by Coleman and Ford [18], who studied magnesia 
calcined from carbonates, hydroxide and hydroxycarbonate at different temperatures. They discovered 
that, rather than being influenced by the total surface area of the particles, the hydration rate is most 
probably related to the surface area of the open micropores present in the particles. This means that the 
capillary condensation effect is the most significant factor on the hydration of magnesia from water 
vapor, and also explains the reasons for the different rates of hydration according to the thermal history of 
the magnesia. Chown and Deacon [19] came to the same conclusion on their study of hydration at room 
temperature of calcined magnesia produced from basic magnesium carbonate. The observed increase of 
hydration rate due to the increase on the relative humidity could only be explained by condensation of 
water in the micropores; and the maximum size of the capillary pore necessary to present water 
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condensation was accordingly calculated, being around 20 times bigger when the relative humidity 
increased from 58 to 97.4%. They also speculate that hydration by water vapor is actually due to liquid 
water, because the polarization of the surface of magnesia crystalline lattice facilitates the reaction 
between water and the oxygen present at the crystal surface; and polarization occurs only under liquid 
environment. 
Razouk and Mikhail [20] had previously described the physisorption of water vapor at 35 °C for 
different magnesias obtained from the calcination of brucite and magnesite at different temperatures. 
They found an effect of the nature of the magnesia on the total adsorption and on the retained amount of 
water after desorption, being magnesias produced from the carbonate more susceptible to this 
phenomenon. Their XRD and IR studies proved that the hydroxide is formed after the adsorption of the 
water on the oxide, followed by a slow and coherent change of the crystal lattice of the periclase to that of 
brucite, with a change in the crystalline grid parameters. No amorphous intermediary compounds were 
identified. Their work is supported by calculations performed on the nature of water physisorption on 
some crystal planes of the periclase lattice. While some authors [16, 21] found out that one-third of the 
adsorbed water on MgO (100) or the (001) surfaces dissociates to form hydroxyl, in order to create an 
energetic stable surface; others [22, 23] propose a stabilization of the (111) planes of the periclase by 
hydroxylation of the surface of these planes at pH range 2-4, which proved to be more stable than the 
(001) cleavage planes of these crystals. This hydroxylated (111) planes are similar to the (0001) of the 
hexagonal lattice of the brucite, which may explain the coherent growth of the hydroxide lattice over the 
cubic lattice of the periclase reported at Ref.[20], and are related to the expansive formation of brucite 
from the oxide [16]. The formation of a structure similar to brucite inside the crystal explains the 
observations of Feitknecht and Braun [24], that brucite crystals grow slowly in the c-axis direction; and 
also the observation of Vermilyea [11], that brucite and periclase dissolution rates in water are similar at 
pH range 2-4. This means that the stable surface of magnesia under environmental conditions is probably 
a hydroxylated layer with the same structure as the (0001) plane of the brucite crystals [22, 25], and this 
stability with water and hydroxyl is probably the cause of the similarity between liquid and vapor water 
corrosion of magnesia crystals. 
In a more complete study, Feitknecht and Braun [24] used magnesium oxide derived from the 
calcination of magnesium oxalate at 600, 1000 and 1300 °C, as well as brucite decomposed at 400 °C 
under vacuum. As long as hydration occurs due to capillary condensation, they found a relationship 
between the nature of the raw material used for the production of magnesia and its hydration kinetics, as 
well as an influence of the temperature of thermal treatment on the effect of the relative humidity over the 
hydration rate and amount of the oxide on the reaction product. They observed that, for magnesia 
produced at higher temperature, the relative humidity necessary to produce a water layer able to hydrate 
the material should be higher, probably due to changes in the pore structure. 
These authors also studied the formation of hydroxide crystals over periclase ones. Their observation 
showed that the water adsorbed on the magnesia surface builds multilayers which provide protons to the 
oxygen ions bound to the magnesium, thus allowing for the dissolution of both Mg
2+
 and OH
-
, until the 
supersaturation of this water layer. Hence, the brucite nuclei are formed on the surface of the magnesia 
crystalline lattice in an almost two-dimensional structure, which slowly thickens. The specific surface 
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area has a great impact on the hydration rate, which is slower for bigger single crystals. It is also pointed 
out that, as calcined materials have a great number of defective structures on the surface, and that these 
are not perfectly distributed, the reaction rate decreases after some time, because the more active sites 
react promptly with water, whereas the inactive ones have a much slower hydration kinetics. For the 
magnesia fired at higher temperatures, the combination of smaller pore volume and less surface defects 
leads to a supersaturation of the water layer so low that a full hydration was not achieved at the 
experimental conditions used. 
Accordingly, Sutcu et al. [26, 27] observed by AFM and EBSD that the growth of the hydroxide 
occurs as clusters on the periclase crystals, not as a single layer. The growth rates vary according to the 
crystal orientation on the surface of the magnesia, being the planes (111) [27] and (101) [26] reported as 
the most susceptible to hydration. These clusters have a circular section area, due to the condensation of 
water vapor as droplets over the crystal, and coalesce, as hydration proceeds. This irregular growth is 
probably associated to the defect structure of the surface of periclase. 
Kitamura et al. [4] studied the hydration in autoclave of polycrystalline sintered magnesia. 
Temperatures ranging from 135 to 200 °C and varying exposure times were employed. An accelerated 
period of hydration was observed at the beginning of the process, associated to the hydration at the grain 
boundaries, expansion of the hydration product, and collapse of the clinker at the boundaries, thus 
exposing new surfaces to the environment. This exposure naturally leads to an increase on the rate of 
reaction, until the formed single crystals have their surface altered by hydroxide formation, and the 
reaction rate is slowed and controlled by diffusion of water molecules through this layer. It must be noted 
that this process is accelerated at higher temperatures. Durán et al. [28] propose the same mechanism of 
hydration for polycrystalline dead-burned magnesia. The mechanism proposed by these authors regards 
some similarities with that proposed by Nakanishi et al. [29] for the hydration by aqueous solutions in the 
presence of magnesium acetate. It was found out that the surface of the magnesia peels-off and exposes 
fresh surfaces for the hydration process, after a first hydration stage characterized by the formation of a 
dense hydroxide layer over the magnesia clinker and diffusion of ions through it. For hydration of MgO at 
pure water, however, it was not observed such a mechanism. Zhou et al. [30] also proposed a similar 
mechanism in their study of magnesia-based refractory bricks. It was described a three-stage hydration 
process, with a rapid initial stage, in which the magnesia reacts with water or steam and forms the 
hydroxide. This stage is followed by a slow rate one, corresponding to the diffusion of water through this 
brucite layer, with further hydration. At last, a very fast stage occurs, which is the disruption of the 
polycrystalline structure of the brick, similar to the mechanism described by Kitamura et al. [4]. 
From the above exposed, the hydration of magnesia occurs by similar mechanisms either by liquid 
water, or by steam. In acid media, hydration is accelerated, while at basic pH, the presence of hydroxyl 
should slow the reaction. The increase in temperature increases dramatically the rate of hydration of 
magnesia. Hence, water vapor provides faster hydration than heated liquid water; and the hydration rate 
increases as the partial pressure of water vapor increases. The rate of hydration of polycrystalline 
magnesia is increased due to the ease of reaction in defective sites — in this case, grain boundaries. As 
long as grain boundaries are easily converted to brucite, the volume increase generates the dusting of the 
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magnesia, and the exposure of fresh surfaces for further attack. The disruptive expansion derived from the 
growth of brucite is due to the nature of crystalline change which occurs in the periclase lattice.  
Thus, the firing of magnesia at higher temperatures protects it from the hydration, due to the 
reduction of overall open porosity, as well as to the coarsening of the pores and of the crystals. 
Preferential exposure to basic media also works as a protection mechanism for magnesia, as well as the 
reduction of water vapor pressure inside the shaped castable. 
  
 
2.2.2. Mechanisms of retarding/avoiding the hydration reaction of magnesia 
 
 
Several additives and processing routes were developed or studied for the prevention of the hydration 
of magnesia. The most common and adopted one is to fire it under high temperatures, or to ―dead-burn‖ 
it, as is common in industrial language. The effects of this heat treatment were thoroughly discussed at the 
former section. 
Another simple way to prevent hydration is to carbonate the surface of the grains. The effect of the 
carbonation of the magnesia on the hydration reaction was reported by Chown and Deacon [19], who 
found no hydration on surface-carbonated magnesia under water vapor enriched atmosphere after 15 
days. They also reported that, in CO2-containing aqueous atmosphere, there was no formation of brucite, 
but of a basic magnesium carbonate of unknown structure, a similar result to that observed elsewhere 
[31]. Brandão et al. [32] also reported that, under prolonged exposure to air, magnesia clinkers of 
different purities develop a coating of basic magnesium carbonate, which protects the oxide against 
further hydration/carbonation. After heat treatment for the removal of this coating, ―fresh‖ surfaces 
presented high hydration rates under autoclaving. They thus proposed the storage of the freshly ground 
magnesia grains as a way to prevent hydration. These authors also reported elsewhere [33, 34] that, at the 
presence of air, the reaction of moisture with magnesia-based refractory bricks occurs always with the 
formation of the basic carbonates, whereas brucite was formed only in the absence of air. A more 
complex approach to coat the surface of the magnesia with a non-hydratable layer was patented by Toda 
[35], who coated magnesia single crystals with organic silicates, and fired these crystals to build a 
forsterite surface, which is not prone to hydration. 
Brandão et al. [32] also show that the presence of impurities in magnesium oxide lead to lower 
hydration by water vapor, which was also observed by the experiments made by Amaral on pastes 
prepared from sintered magnesia in water [36]. This result is in accordance with the study of magnesium 
oxide with iron cations in solid solution (magnesiowustite) [37], which showed that the disturbance 
caused by the solid solution protracts the nucleation of the hydroxide, and retards the kinetics of reaction, 
even though the fundamental mechanism does not change from that previously reported [17]. Boron oxide 
was also reported to improve significantly the hydration resistance [38], and sintered magnesia with high 
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content of boron was suggested for use in monolithic refractories. Moreover, Hegedusová et al. [39] 
found that magnesia clinkers with CaO/SiO2 molar ratio lower than 2.0 are less prone to hydration under 
autoclave tests. They also reported the higher hydration resistance of fused magnesia, when compared to 
the sintered one. 
The modification of the hydration media is also foreseeable as anti-hydration technique. Vermilyea 
[11] studied the effect of different substances on the dissolution behavior of magnesium oxide. He cites 
the anions periodate, germanate, tellurate, vanadate, and tellurite as strongly effective in hindering the 
dissolution, hence, the hydration of MgO. However, all of these ions are either too poisonous or too 
expensive to be regularly used by the refractory industry. Raschman and Fedoročková [12] reported a 
hindrance of the hydration rate, when the concentration of HCl in aqueous solution was increased. This 
result is contrary to the founding of other authors [11, 13], who reported an increase in reaction rate with 
the decrease in pH. However, the former authors state that, probably, in the presence of a high 
concentration of H
+
 ions in solution, these adsorb to the surface of the magnesia and hinder the 
dissolution of Mg
2+
 cations. In close relation to these results, a treatment of magnesia in acid solutions for 
the improvement of hydration resistance was patented [40]. The inventors report an extensive range of 
organic and inorganic acids and salts (oxalic, citric, formic, acetic, malic, boric acids, boronoxide and 
ammonium-phosphate) which were able to reduce the extent of hydration by simple treatment under 
aqueous or ethanol media. As long as there is small influence of the treatment on the original density of 
the magnesia particles, and it is related that subsequent crushing of the magnesia turns the treatment 
ineffective, it is probable that the surface of the oxide is altered and a protecting layer is created over it.  
It is interesting to note that, just as the case of HCl above mentioned, some acids and their salts are 
also reported to foster the formation of magnesium hydroxide from the oxide. A well-known example is 
acetic acid and magnesium acetate [8, 29, 41, 42]. Aphane et al. [8] obtained 85% degree of hydration in 
the presence of magnesium acetate, when compared to around 65% at pure water, whereas Nakanishi et 
al. [29] reported also an increase in the hydration rate, associated to the change in the mechanism 
described in the previous Section. Filippou et al. [42] reported both an increase in the rate and amount of 
conversion to hydroxide in their study, but associated it not to peeling of the surface of the dead-burned 
magnesia, but to the chelating effect of the acetate ions, which build a complex with the Mg
2+
 cations 
present in the surface of the magnesia, and extract it to solution, a well-known acceleration mechanism 
for the dissolution of oxides in aqueous media [43]. In the present case, the complex dissociates and leads 
to the formation of the hydroxide in the bulk of the solution, not over the surface of the magnesia. This 
mechanism is responsible for the alteration of the morphology of the brucite crystals, which change from 
spherical to hexagonal brucite plates, similar to those observed by Nakanishi et al. [29]. Thus, the 
hydration is accelerated due to the higher rate of reaction of the sequence described by Equations 2.4 and 
2.5 [42], than those described by Equations 2.1 and 2.2: 
 
      (  )
     ( )              (  )
         (Equation 2.4) 
       (  )     ( )          (  )
              (Equation 2.5) 
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Van der Merwe and Strydom [41] reported an increase in the surface area of magnesium hydroxide 
produced in the presence of magnesium acetate and acetic acid, thus supporting the observations of 
previous works [29, 42] regarding alterations on the morphology of the hydration product. The rate of 
hydration was increased for both additives, but, with temperature increase, the salt proved to be more 
effective than the acid. These authors also observed an increase in the rate of hydration of sintered 
magnesia with the used of hydrochloric acid and magnesium chloride, being the chloride more effective. 
Moreover, the surface area of the hydroxide was similar to that formed at pure water, supporting 
evidences of other authors as well [29, 42]. Another author who found an increase of hydration rate with 
the use of hydrochloric acid and magnesium chloride was Pivinskii [44]. However, Nakanishi et al. [29] 
observed that the addition of magnesium chloride in fact decreased the rate of hydration, when compared 
to pure water, even though the solution molar concentration was the same as that of van der Merwe and 
Strydom [41]. It is clear that there are several factors — such as nature and purity of the magnesia, 
hydration conditions, concentration of reactants, among others — which affect not only the hydration of 
magnesia, but how additives work on this hydration, as long as some additives are reported either as 
accelerators or retarders of the reaction by different authors. 
Amaral [36] and Amaral et al. [45] reported, in a more extensive work about the influence of 
additives on the hydration of magnesia, that magnesium chloride and magnesium sulfate can act both as 
retarders or accelerators, according to their concentration on solution. They attribute this effect to the 
formation of a stable passivation layer of anions over the magnesia particles at some concentrations, but 
little evidence was presented. The protection mechanism can also be a non-reported change on the 
microstructure of the brucite layer, similar to that observed by Nakanishi et al. [29]. In their works, 
Amaral [36] and Amaral et al. [45] also report that calcium chloride hinders the reaction of hydration, and 
potassium hydroxide enhances its rate. These observations are conflictive to the higher stability of 
calcium chloride than the magnesium one [3], and to the fact that the increase in hydroxyl ions in solution 
hinders the dissolution of the magnesia, thus slowing the precipitation of the hydroxide [11, 13]. This 
discrepancy may be related to the indirect techniques used at references [36, 45], like volumetric 
expansion and temperature increase of the magnesia pastes. 
Other efficient additives to hinder the hydration of magnesia are negatively charged surfactant 
molecules and sodium hexametaphosphate [36], which adsorb to the clinker surface and inhibit its 
reaction with the water media, thus reducing its dissolution and hydration. At last, it was also studied the 
effect of complexing agents, more specifically tartaric acid, citric acid, sodium citrate and 
ethylenediaminetetraacetic acid (EDTA), on the hydration amount of sintered magnesia [36, 46, 47]. The 
results suggest that the three former mentioned compounds adsorb to the surface of the magnesia and 
reduce its hydration rate, whereas the latter complexes with Mg
2+
 ions, take them to solution and 
precipitate the hydroxide at its bulk, similarly to the mechanism reported for acetic acid [42]. Changes in 
the microstructure of the partially reacted magnesia clinker were also reported when citric acid and EDTA 
were used. 
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2.2.3. Magnesia hydration studies associated to ceramics and refractory technology 
 
 
By the data exposed in former Sections, it can be noticed that the nature of the magnesia and of the 
liquid/gaseous media influence not only the hydration rate, but also how additives are able to 
prevent/promote this reaction. These observations are of utmost importance to understand the many 
difficulties found over the years to solve the problem of water processing of magnesia suspensions, a 
problem which started to be studied almost one century ago, during the end of the 1910’s decade. 
However, this thematic faces a renewal on its interest, due to the recent developments and outstanding 
properties of refractory castables with in-situ generation of MgO.Al2O3 in the 1990’s decade. The 
necessity to understand the influence of the hydration of magnesia not only on placing properties, but also 
on structural integrity during cure and drying, has led to a number of technical and scientific articles 
about the subject. It must be pointed out that the present Section will not deal with the recurrent subject of 
damage by hydration on refractory bricks. 
The first attempts to produce high-magnesia components, other than bricks or ramming masses 
(which have a very high porosity and low water content — or even mineral oil as binders — which made 
them not susceptible to great losses on structural stability due to the expansion associated to magnesia 
hydration) were related to slip casting of magnesia crucibles and optical components. Hydration of 
magnesia in slip casting was often an issue considered difficult to circumvent, due to the need to use fine 
grained raw material, and many authors simply developed processes using anhydrous ethanol [48-51].  
Nonetheless, some methodologies were developed to produce magnesia slips in aqueous media. 
Stoddard and Allison [52], for instance, wet ball-milled fused magnesia for 15 hours, and allowed the 
suspension to age for other 24 hours. After this period, a minor amount of dilute HCl was added, as well 
as water, in order to adjust the viscosity. The authors related their success to control the hydration (not to 
avoid it), via the use of fused material and the adoption of the ageing time, as well as the use of HCl, 
which provided good dispersion and oxychloride bond for the dried ware. Garrett and Williams [53] 
reported a more simple procedure for the attainment of good quality ceramic ware, by the reduction of the 
viscosity of the slips. Even though no explanation of the mechanisms involved was provided, they found 
out that some magnesium salts could enhance pouring properties of the slips, in the following order of 
efficiency: nitrate, chloride, acetate, sulfate, and phthalate; which led to the conclusion that anions of 
higher valency and salts of weaker acids were more effective to achieve suitable slips. It must be pointed 
out that some of these salts were described in the former Section as potential promoters of the hydration 
reaction, depending on the amount used. Thus, it is possible that the introduction of these additives 
improve the quality of the slips and of the wares therefrom by controlling the rate and the amount of 
hydration, as well as the way it is produced in the slip (on the surface of the magnesia, or on the bulk of 
the suspension). Smorovskaya et al. [54] used magnesia calcined at 1600 °C in their studies, and 
identified that the ageing process was deleterious to the properties of the slip due to hydration of 
magnesia. However, the addition of an organic polyelectrolyte reduced this hydration tendency and 
allowed good flowability after up to 3 days of ageing. Cerium and erbium oxides were also effective in 
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reducing hydration of the slips, due to the formation of an adsorption-solvated layer over the surface of 
the magnesia particles, which prevented the dissolution of the MgO. These oxides of rare-earth elements 
also had the positive effect of extending the temperature range in which brucite decomposes — probably 
by being incorporated to it —, thus reducing structural stresses during drying. It is also reported that a pH 
between 11.5 and 12.0 provided denser shapes, even though the slips should be at their lowest dispersion 
state, due to the proximity to the zero point of charge (12.5 ± 0.5) [55]. 
Nowadays, a good number of articles about magnesia as a part of the binding matrix of refractory 
castables are available in the literature, many of them dealing directly or indirectly with the damage of the 
castable associated to its hydration. As in the slip casting technology, some authors avoided the problem 
of hydration by using water-free liquid media, like organic resins [56] or naphthene-basic oil and/or fatty 
alcohol [57]. The avoidance of the use of fine fractions of MgO, in order to eliminate hydration problems, 
is also reported elsewhere [58]. 
In refractory castables, the interaction of the magnesia with other raw materials which may also react 
with water is of great importance. Amaral [36] reported that calcium aluminate cement reduces the 
formation of magnesium hydroxide, probably due to the consumption of water by its own hydration, 
which was faster than that observed for DBM. With less water available for the reaction, the hydration of 
magnesia stops. He et al. [59] and Durán et al. [60] reported the presence of another hydrate when cement 
was hydrated in the presence of caustic magnesia; a magnesium aluminum basic carbonate, with a 
structure similar to that of hydrotalcite. Sintered magnesia acted as an inert raw material, in respect to the 
kinetics of the hydration of the cement, due to its lower reactivity [60]. The same hydrotalcite-type 
compound was observed in mixtures of reactive magnesia and hydratable alumina in aqueous 
environment [61-63], and by Ye and Troczynski [63] when fused or sintered magnesia were hydrated in 
autoclave in the presence of hydratable alumina. The formation of hydrotalcite-like compounds can lead 
to problems such as a higher volumetric expansion than that arisen by the formation of brucite [62], and a 
higher amount of heat released from the castable [61]. However, Salomão et al. [62] also report that, in 
the presence of sintered magnesia and sufficient amount of hydratable alumina, the formation of 
hydrotalcite is limited, and it is precipitated over the surface of the magnesia grains, thus protecting them 
against further hydration. Other forms of alumina were reported to be of scarce or no reactivity with MgO 
in water suspensions [59, 62], but Sasajima and He [64] report a reaction between magnesium hydroxide 
— formed from the hydration of magnesia clinker — and alumina (either from alumina powder and 
clinker, or from calcium aluminate cement) to generate the compound Mg4Al2(OH)14.3H2O, which is 
associated to a higher expansion than the formation of the hydroxide itself. 
Another raw material which interacts with magnesia in aqueous media is silica, more specifically the 
highly reactive microsilica. The system MgO-SiO2-H2O, with or without alumina, has been explored 
since the end of the 1980’s decade for refractory castables; but the next Sections will deal with it in more 
detail. Presently, just the interaction between silica and magnesia in aqueous environment, as related to 
refractories technology, will be described. Microsilica itself presents very low reactivity with water [65], 
and its reaction with magnesia at temperatures of 20 and 30 °C slowed the speed and amount of heat 
evolution due to magnesia hydration. No new phases, however, were identified in this study. He et al. 
[59] postulate a gel coverage of silica surrounding the magnesium oxide particles, which reduces sensibly 
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the hydration reaction by steam at 109 °C. In their study, silica was the most effective anti-hydration 
additive to magnesia, followed by magnesium hydroxide. Salomão and Pandolfelli [2], on the other hand, 
postulate that microsilica is dissolved at pH higher than 10, in order to generate silicic acid. They studied 
alumina castables with 6% MgO addition (unless otherwise specified, all percentages in this work are 
reported on a weight-basis), and found that the addition of 2% of microsilica to the castable was able to 
inhibit completely the hydration of the magnesia, due to the precipitation of a MgHSiO4.2H2O protective 
coating over the particles of magnesia. Nan et al. [66], otherwise, found XPS evidences of an aquo-
compound similar to talc (M3S4H), which most likely precipitates over the magnesia grain. This 
compound promotes resistance against brucite formation and is the precursor of forsterite, which provides 
mechanical resistance after firing.  
Not only mineral additives and raw materials were studied, but also organic and inorganic 
compounds, added in minor amounts. Just like the dispersing aids studied by other authors [36, 44], He et 
al. [59] reported a minor effect on hydration hindrance when sodium polymethacrylate was added to 
magnesia suspensions, yet better than the effect achieved by citric acid. Citric acid is reported by other 
authors [36, 46, 67, 68] as an effective additive to retard hydration, just like tartaric acid [36, 46], for the 
effects described in the previous sub-Section. Bugajski [69] uses polyelectrolytes, polycarboxylic acids 
and/or amines to avoid hydration in magnesia castables. He also states that the use of binders is needed to 
avoid hydration, among the binders phosphates, sulfates, microsilica, cements, boron compounds, water 
glasses, and temporary organic binders. These are already used as binders for magnesia monolithics for 
several decades, mostly because of their good binding characteristics. Boric acid and an unidentified 
organic compound are also related by other authors [64] as effective inhibitors of magnesia hydration. 
Nonetheless, the hydration of magnesia in castables is only a problem when it involves disruptive 
expansion of the casted bodies. Its hydration is essential to the evolution of mechanical properties under 
room temperature, as will be discussed in a subsequent Section. The hydration rate and/or the nature of 
the hydrate (composition, size, and shape) have to be engineered to achieve good bond strength between 
the refractory aggregates, without mechanical damage due to excessive expansion. The use of EDTA [36, 
46], for instance, do not hinder the hydration, but alters its nature and homogenizes its precipitation on the 
bulk of the solution, thus leading to little increase in volume, with the resultant formation of sound casted 
pieces. The same effect was observed for the carbonate and fluoride of lithium [36], which formed 
concomitantly lithium and magnesium hydroxides, and altered the morphology of the hydrated phase 
precipitated over magnesia clinker. At last, a reduction on the hydration degree and on the damage due to 
hydration when MgF2 was present was also reported [36]; however, no evidence of a mechanism of 
actuation was given. 
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2.3. Magnesia-based castables 
 
 
Refractory monolithics are complex materials composed of aggregates, the size of which can vary 
from several millimeters (typically 8, but can reach up to 30 mm) up to sub-micrometric particles (such as 
microsilica, some reactive aluminas, cements, chromic oxide, titania, and carbon blacks, all of them with 
particles under 1.0 µm). They are supplied as a powder mix, which, with the addition of water or of a 
liquid binder (resins, silicates, colloidal suspensions, phosphates, among others), are suitable to be applied 
on site as a monolithic (joint-free) wall. The application can be performed by several techniques, among 
them trowelling, patching, ramming, gunning, pouring, pouring and vibration, pumping, and wet-spraying 
(shotcreting); all of them suitable for a specific type of material and set of properties. Even though 
refractory oxides are the most usual components of monolithics, some non-oxides (e.g. silicon carbide, 
silicon nitride, and graphite), metallic additives and fibers, as well as polymeric fibers, are generally 
present in their composition, as functional raw materials. It is not the aim of this brief introduction to 
describe the history of these materials, or their nature, which are more appropriately described elsewhere 
[1, 70-72]. The purpose here is to briefly present some review about the binders used for monolithic 
magnesia refractories, their advantages and weaknesses, with a special focus on self-flow technology 
applied to castables. The development of additives to prevent hydration — subject that was dealt with in 
the former Section — and of new binders, which can provide both hydration resistance and suitable 
properties after cure and firing at different temperatures, have been the most important topics for the 
development of magnesia monolithics. Therefore, some important issues, such as dispersion and particle 
size distribution technologies, have been left historically in the background, when the subject is magnesia 
as the main aggregate, and literature about this topic is seldom found. 
 
 
2.3.1. Binders for magnesia monolithics 
 
 
Binders should provide suitable strength for handling and demolding after cure, as well as good 
mechanical properties after drying and firing. They should also not affect negatively some properties at 
high temperature, such as corrosion resistance, hot modulus of rupture, creep, and permanent linear 
change. Focusing on the former properties, the first binders studied for magnesia castables were either 
hydraulic (cement), or coagulating agents, such as sodium silicate and phosphates. However, due to the 
chemical nature of magnesia, its reaction with some of the components of these systems, such as silica, 
phosphor, and the combination of lime and alumina, leads to impairment of the refractoriness of the 
magnesia, and to a high volumetric change after firing at temperatures lower than those usual in the steel 
industry. Corrosion resistance against basic slags is also negatively affected, when compared to shaped 
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components. Thus, magnesia monolithics are historically used in regions where there is little demand on 
performance, or where friability after use is needed, such as steel tundish linings. Besides the mortars 
used for the lining of bricks, most of the commercial magnesia monolithics are either dry mixes used for 
the lining of the bottom of electric arc furnaces, or gunning, patching and trowelling mixes, used for 
temporary repair of linings in the metallurgical industry. Dense vibrating mixes or self-flow castables are 
scarcely in use, due to the poor properties, when compared to modern alumina-spinel castables. 
One of the most studied binding systems for magnesia is that composed of phosphate compounds. 
Several patents issued and articles published in the last decades deal with these refractory systems, among 
which some examples are hereby cited [73-81]. The reaction between magnesia and phosphoric acid, or 
with acid phosphates is extremely fast [75, 79, 81], and a less acid phosphate is needed to provide a 
bonding without excessive heat and steam generation, and the subsequent disruption of the castable 
structure. The polyphosphates of sodium are the most used, due to widespread availability, good price, 
and the optimal mechanical resistance and good refractoriness of the systems built between these and 
magnesia. Normally a small amount of a CaO-containing material should be added, in order to provide a 
stronger and faster reaction [73], as well as better mechanical properties at high temperature [75]. The 
size of the chain of the polyphosphate also influences the mechanical behavior, and must be controlled 
[75, 81]. During the heating of the magnesia monolithic bonded with sodium phosphate, sodium is 
substituted by magnesia, and a strong bond between the grains of magnesia is formed, which becomes a 
liquid phase at temperatures lower than 1600 °C, and starts to lose phosphate by evaporation [76, 78]. The 
addition of calcium oxide leads to the formation of a sodium-calcium-magnesium-phosphate phase at 
temperatures between 600 and 800 °C, which converts to magnesia and Na2O.2CaO.P2O5 phase at higher 
temperatures and stabilizes the phosphate [77, 78]. The hot modulus of rupture of such compositions is 
comparable — or better — to that of magnesia bricks, depending on the ratio CaO/(P2O5+SiO2)  [78, 79]. 
The uniqueness of this binder composition is a lack of intermediate thermal treatment zones, in which a 
significant loss on mechanical properties is found [79]. Another important property of phosphate-bonded 
monolithics is the adherence of the material to old substrates, which makes this bond suitable to 
maintenance materials [80]. 
Another important binding system for magnesia refractories is the sulfate one. Magnesium sulfate, 
for instance, can provide modulus of rupture at room temperature better than phosphate, at lower addition 
levels [81]. However, hot modulus of rupture is usually lower. Sulfates of chromium and of sodium, 
associated with citric acid, are also suitable binders for magnesia monolithics [82], but with mechanical 
resistance lower than those reported by Lyon et al. [81]. Aluminum sulfate mostly in its hydrated forms, 
on the other hand, provides a very fast reaction, suitable for gunning mixes, and can be used alone or in 
combination with other binders, such as phosphates [83], hydrated lime and bentonite [84], or an organic 
acid and a boron compound [85]. In fact, boron compounds are often used in combination with other 
binder systems as hardeners at intermediate temperature, when most of the binders lose strength and 
generate a friable refractory structure [85]. They also reduce the cracking of the moist body during dry-
out, due to the control of hydration [86, 87].  
Not only sulfates are used as binders, but also sulfamic acid (H3NSO3), due to its strong acid nature 
when in solution in water, which leads to a quick reaction with magnesia [88]. Sulfamic acid, however, 
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loses its bonding effect at temperatures lower than 1000 °C, and must be used in combination with other 
compounds, such as boric acid and other sintering aids [88], or calcium hydroxide [89]. Another acid 
compound historically important for the development of magnesia-based monolithics is the chromic acid, 
or its salts; such as alkali chromates and dichromates [86]. This binder system provides strong and fast 
bond at low temperature, with minimum amount of water. Due to the high refractoriness of the binary 
MgO-Cr2O3, these compounds were suitable for a wide range of applications and temperatures. However, 
as long as they contain hexavalent chromium in their composition, environmental legislation has banned 
these refractories in a great number of countries worldwide. 
Some basic compounds are also useful as binders, and vastly applied in the last decades. Sodium 
silicate is the most important of these compounds, and can be used in a wide range of compositions. 
Lower ratios of SiO2/Na2O provide faster setting of the magnesian monolithic [90]. The bonding between 
magnesia and sodium silicate, as well as with colloidal silica, comes from the fact that magnesium 
hydroxide reacts readily with the silicate present in solution, reducing sensibly its solubility, and forming 
a coagulation reaction [91, 92]. Some set retarding additives, such as boron [87], or gypsum are used to 
improve reaction time in gunning mixes [90]. 
A binder also commonly employed for magnesia castables is the calcium aluminate cement, which is 
reported to react with fine magnesia and to generate a sort of hydrated spinel, that also leads to expansion 
and cracking of the castable [64]. It also fosters the formation of low temperature eutectics [93], which 
results in poorer mechanical stability and corrosion resistance under temperatures higher than 1400 °C. 
Another hydraulic binder employed is hydratable alumina [67], but this compound reacts with magnesia 
and forms hydrotalcite [59, 60], which also generates volume expansion (see Section 2.2.3). 
Organic binders are also widespread reported in the technological literature of magnesia monolithics. 
One example is the use of carboxylic acids, or their salts and esters, most usually citric acid and citrates 
[94], which also provide high resistance against cracking. More recently, resin-bonded castables have 
been developed, with the aid of either conventional phenolic resin dissolved in non-aqueous media [56], 
or with the introduction of water-soluble resins [58, 95]. The major hindrance for the use of organic 
binders is the need to combine their use with other binders, in order to achieve suitable mechanical 
properties and porosity in the range of temperatures between which the binder loses its effect, and the 
onset of sinterization occurs [95]. 
As above stated, a number of binding systems, and their combinations, are used for the production of 
magnesia monolithics. However, most of them are suitable only to compositions which present low or no 
fluidity at all; that means, ramming, patching, trowelling and gunning mixtures; or mortars for laying 
bricks. It is often observed in acid-base systems or in coagulation bonded materials that rheological 
properties are far from the optimal ones, which provide self-flow or even vibration-flow. Poured castables 
are generally produced with a high amount of water, thus lowering mechanical properties and generating 
too high porosity. The few examples which present good flowability accompanied by good workability 
are those castables bonded with organic resins [56, 58, 95]; but carbon is not always a desired component 
for refractory linings, and their properties after firing under intermediate temperatures are still too low to 
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be competitive with brick technology. Poured magnesia castables present properties much poorer than 
alumina-based ones — either bonded with cement or hydratable aluminas, or colloidal binders.  
Another important issue to be assessed at refractory castables is the dispersing system. Even though 
many patented compositions do not claim the use of a dispersing aid, some of them relate the use of 
organic molecules, like sulfonated naphtalenic compounds [89], copolymer superplasticizers [89], 
polycarboxylic acids [58, 69, 89, 96], polyacrylates [58, 96], vinylic compounds [96], dispersing aluminas 
[67], and amines [69]. Bugajski [69] also relates the usefulness of these compounds on controlling and 
hindering the hydration reactions; and cite them as essential to provide self-flowability for magnesia-
based castables. 
Besides the use of carboxylic and boron compounds, silica, or polymolecules, some other approaches 
are also used in the literature to avoid hydration of magnesia castables. The use of non-aqueous binders is 
often reported [56, 57], but they are not environmental friendly and flammable, due to the use of alcohols 
and other organic liquid media. Aneziris et al. [58] restrict the use of magnesia to the coarser fractions, by 
using non-hydratable carbon-based raw materials to compose the matrix. Schulle et al. [67], on the other 
hand, use a matrix composed of alumina and fused magnesia, which is less reactive than DBM. However, 
the use of non-basic raw materials as fines generates castables which are not suitable to replace magnesia 
bricks, due to the chemistry of the matrix, which limits its application. Thus, the present work focuses on 
a binding system which allows a high content of magnesia in the matrix, and provides suitable rheology 
for self-flow applications with high refractoriness: the silica bond. 
 
 
2.3.2. The silica bond applied to magnesia castables 
 
 
It was already briefly presented in the previous Section the use of sodium silicate as a binder for 
magnesia monolithics. Its effectiveness is due to the reaction between magnesia, or magnesium 
hydroxide, and the acidic silicic groups present in solution. Thus, not only sodium silicate, but also all 
silicates which decompose in water, or silicic acid, or even reactive silica materials which present silicic 
groups in their surfaces, may be used as binders in magnesia systems.  
Eckstein [96] describes an invention of a magnesia-carbon refractory with a silicic acid bond, being 
this silicic acid generated from the use of microsilica, silica sol and/or silica gel in an aqueous media. 
Their use not only provides a suitable strength after cure and firing under reducing conditions, but also 
avoids hydration of the castable. This author, however, does not provide any indication on the method to 
avoid rapid reaction between the magnesia and the silica [91]; but probably the use of carbon in the 
matrix, or the use of a coarse silica material (microsilica) are responsible to hinder the setting reaction. 
Silva [71] studied castables bonded with silica sol; and minor additions of magnesium oxide (lower than 
1.0%) were already responsible for instant setting of the castable. This instant gelation effect is also 
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reported by Suzuki et al. [97], who used a quaternary ammonium hydroxide to provide suitable 
workability time in their magnesia-based castables bonded with silica sol or silicates. It was also reported 
that the invented compositions did not present a noticeable minimum for mechanical resistance, when the 
castable was fired at intermediate temperatures (between 600 and 1300 °C), an effect also observed by 
Eckstein [96]. 
More representative are the works presenting microsilica as the binder for magnesia castables. 
Sandberg and Mosberg [98] report the use of a MgO-SiO2 bond system applied to magnesia, silicon 
nitride and magnesia-carbon castables. This system provided suitable mechanical resistance with little 
water consumption (5.0-5.5%), and 6% microsilica addition. However, cold modulus of rupture presented 
a minimum at temperatures between 1000 and 1200 °C, which could be improved with the addition of 
alumina or aluminum fluoride. Another feature of this system is the improvement of strength over time, 
after molding. Cold crushing strength increased more than seven-fold after 28 days of cure in air, in a 
behavior similar to Portland cement. This bond system, which appears to derive its strength from the 
formation of a low-crystallinity compound between the particles of magnesia [66, 98], is not yet fully 
understood [99].  
Myhre [100], on the other hand, reports the use of polymeric molecules as dispersing aid, and of 
silicon nitride as an additive to improve strength after firing at intermediate temperatures, but with no 
success at 1000 °C. Silicon nitride had also a negative effect on the vibration flow of the castable, which 
was vibratable. Odegard et al. [101] studied different magnesia types, as well as dispersing aids. They 
found out that free flow was only possible with the use of fused magnesia in the matrix, whereas sintered 
magnesia was too reactive to provide good flowability. Moreover, the best dispersing aid was a 
polyglycol molecule; the combination of it with fused magnesia generated the only self-flow composition 
developed. The authors also found a minimum in mechanical properties at 1000 °C, especially when the 
less reactive fused magnesia is employed. Higher microsilica contents were also found to impair RUL and 
HMOR, as well as decreased the setting time. Odegard et al. [99, 102] studied the effect of alumina 
additions on the matrix of a fused magnesia castable bonded with microsilica. They reported that, with an 
Andreasen coefficient of distribution of 0.25 and an optimal addition of alumina, it was possible to 
achieve the free flow necessary for pumpable castables with adequate workability, probably due to a 
better particle size distribution. The use of alumina, however, led to poorer HMOR, higher shrinkage after 
firing, as well as lower RUL, due to the formation of liquid phase. Moreover, pumping and wet 
shotcreting processes were found to significantly deteriorate the properties of MgO-SiO2-H2O bonded 
castables [103]. 
The use of microsilica as a bond for MgO concretes containing alumina was further studied by the 
same authors above cited. Sandberg et al. [104] used magnesia and silica as binder phase for high-
alumina castables, with the observation that RUL was severely affected. Myhre et al. [105] compared 
castables bonded with magnesia, calcined alumina and silica having MgO-Al2O3 spinel, olivine and 
sintered magnesia as aggregates. Even though the cold strength after several firing temperatures was 
similar, the HMOR of the composition containing olivine — a promoter of forsterite formation — was 
much higher at temperature between 1400 and 1600 °C. The castable containing magnesia presented a 
strong drop in CMOR after firing at 1000 °C, with high shrinkage.  
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The combination of alumina and microsilica, despite the formation of liquid phase in combination 
with magnesia, was found to improve the resistance against penetration by slag [106]. Odegard et al. [99] 
show that this effect is mostly a result of the improved placing properties achieved by a proper 
combination between microsilica and alumina, and of the better pore structure therefrom. Zhang et al. 
[107] studied the corrosion behavior of 5% microsilica-bonded magnesia castables by slags typical of the 
electric arc furnace and steel ladles. The forsterite present in the castables is dissolved by the slag, and 
reacts to form the lower temperature eutectic compounds merwinite and monticellite, resulting in 
thorough slag penetration and loss of the original bond. Another interesting property of microsilica in 
magnesia refractories was observed by Li et al. [108] and Wei and Li [109]. In laboratory tests, the 
presence of microsilica is beneficial to the deoxidation of the steel, probably by forming a viscous liquid 
phase on the interface between refractory and steel, which captures aluminous inclusions formed during 
the deoxidation with aluminum. 
It is interesting to notice that, despite the several studies about the influence of the silica bond on the 
properties of magnesia-based refractories, and about the influence of the silica on the hindrance of 
magnesia hydration, very few studies deal with the nature of this bond. Hence, the next Section will 
present an overview of the chemistry of silica and magnesia under aqueous environment. 
 
 
2.4. The systems MgO-SiO2-H2O and MgO-SiO2-MgF2-H2O 
 
 
Even though just few studies were made about the nature of the reaction between silica and magnesia 
in refractory monolithics, a number of papers exist in the literature about this system, mostly due to the 
technical importance of the synthesis of serpentine minerals. An overview about some relevant papers 
will be hereby presented, followed by the influence of fluorine, and most specifically, magnesium 
fluoride, on the equilibrium phases of MgO-SiO2 binary system, with or without water. 
 
 
2.4.1. The binary system MgO-SiO2 
 
 
Magnesia is one of the most refractory oxides known, with a melting point at around 2977 °C [110]. 
However, at temperatures about 827 °C lower than the melting point, it is observed an intense 
volatilization of the oxide [110, 111], which limits its use to maximum temperatures of around 1927 °C, 
still high above most industrial processes. Magnesium oxide also presents only one stable solid 
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polymorph, periclase, in all the temperature range from room temperature up to the melting point. Silica, 
on the other hand, presents a rather complicated phase arrangement between room temperature and its 
melting point, which is stated to be at 1713 °C [112], or 1723 °C [91]. In this temperature range, the 
stable phase at room temperature (quartz) changes to tridymite at 867 °C, and this converts to cristobalite 
at 1470 °C, which is stable in the presence of liquid [113]. These three phases also present low- and high-
temperature polymorphs and metastability of the high temperature forms, which makes the phase 
composition of refractories based on silica rather complex. 
Despite these complexities, the binary system MgO-SiO2 can be considered, for refractory effects, 
only at temperatures above 1477 °C, and below 1927°C; that means, where cristobalite is the only stable 
polymorph of silica, and where volatilization of MgO is not an issue. There are only two stable binary 
compounds between magnesia and silica [112, 114]; MgO.SiO2, or MgSiO3; and 2MgO.SiO2, or 
Mg2SiO4. The former is known as enstatite, or magnesium metasilicate, or its high-temperature 
polymorph clinoenstatite. The latter is commonly denominated by its mineral name forsterite, or as 
magnesium orthosilicate.  
Forsterite melts congruently at around 1890 °C, and presents a eutectic with periclase at a 
temperature of 1850 °C. Clinoenstatite, on the other hand, is a peritectic compound, that decomposes to 
forsterite and liquid at 1557 °C, and presents a eutectic with silica at a temperature of 1543 °C [114]. 
More recently, Romero-Serrano and Pelton [115] revised the system MgO-SiO2, and recalculated the 
invariant points with a thermodynamic structural model. The following temperatures were found by them: 
(i) forsterite melting = 1888 °C; (ii) forsterite-periclase eutectic = 1872 °C; (iii) clinoenstatite 
decomposition = 1557 °C; clinoenstatite-cristobalite eutectic = 1548 °C.  
Thus, the most refractory compositions in this system lie within the MgO-Mg2SiO4 region, whereas 
regions richer in silica are of little interest for the refractory technology, both due to increasing acidity of 
the system, and to low eutectic temperature. Despite the high refractoriness of the periclase-forsterite 
section, this binary composition is seldom used for refractory lining construction, due to poor thermal 
shock resistance [116], and only adequate resistance against slags [72]. Their most important properties 
are the low thermal conductivity (when compared to other magnesia-based bricks, such as periclase and 
spinel-bonded), and the very high modulus of rupture up to 1500 °C [72, 117]. Such refractories are used 
in the glass industry for the construction of alkali-stressed parts of the regenerative chambers [72, 118], as 
safety and insulating lining for a number of vessels in the metallurgical industry [72]; and may be used in 
the rotary cement and shaft lime kilns, due to their low modulus of elasticity, in comparison to periclase 
bricks [119].  
The major raw material for the production of forsterite bricks is olivine, a mixed mineral of forsterite 
and fayalite (Fe2SiO4), with the formula (Mg,Fe)2SiO4 [72], but other raw materials can be used, such as 
magnesium oxide, hydroxide, or carbonate (used to enrich the minerals in MgO), quartzite and quartz 
sands [119], dunite [120], talc [117, 121], and serpentine [116, 117]. 
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2.4.2. The ternary system MgO-SiO2-H2O 
 
 
This ternary diagram is of great importance for geological studies, as long as it is one of the simplest 
systems that regards great similarities with geological formations and can be easily modeled in laboratory. 
Thus, most of the literature about phase formation in this system is related to p-T diagrams of the phase 
assemblages which are found under different water vapor pressures and oxide contents. Many important 
decomposition tests are also reported, and those are also relevant to understand the behavior of the 
hydrated phases present in refractory materials, which will eventually be heated at temperatures much 
higher than the decomposition ones. It is important to notice that, despite the limited applicability of these 
geological studies to refractory technology, some important phase evolution trends may be identified, 
which help to understand the behavior of silica as a binder in magnesia castables. 
Much was already discussed in previous Sections about the system MgO-H2O, and it is pointed out 
here that the only hydrated phase known is brucite. De Wynck [122] also studied a Mg(OH)2 gel, and 
found that three peaks were present at the DTA and TGA analysis, one at around 200 °C, related to the 
loss of intersticial water; another at 410 °C, due to dehydroxilation; and a last one at 520 °C, associated to 
the loss of residual OH
-
. 
As for the system SiO2-H2O, Iler [91] presents a good review in its treatise about the chemistry of 
silica. Silica reacts with water to form an aqueous compound denominated monosilicic acid — Si(OH)4 
— which probably presents one water molecule bound to each hydroxyl group. This reaction may be 
interpreted as a kind of solubility of silica in water, and is extremely limited for crystalline silica under 
normal conditions of pressure and temperature (about 6ppm for quartz). However, amorphous silica 
presents a higher solubility under solutions with pH up to 8, ranging from 70 ppm for silica glass, up to 
100-130 ppm for the finer powders and gels, including the fumed silica, or microsilica. Moreover, 
amorphous silica presents a hydrated surface, covered with silanol (SiOH) groups. The silicic acid formed 
by amorphous silica in water is generally neutral or slight acid, and above pH 9 is ionized to form 
SiO(OH)3
-
, or SiO2(OH)2
2-
, which can readily complex with metallic cations in solution. This ionization 
leads to a steep increase of solubility between pH 9 (138 ppm) up to pH 10.6 (876 ppm). Above pH 10.7, 
Si(OH)4 concentration in solution is rapidly lowered, as the rate of ionization is highly increased. 
Amorphous silica is no longer stable with water, because of the necessary generation of monosilicic acid 
to keep the equilibrium of the ionization reaction. Increase in temperature and/or pressure also enhance 
silica dissolution in water. Cations of Mg
2+
 in solution hinder the dissolution of silica, due to the ready 
reaction with amorphous silica, and formation of magnesium silicates, a mechanism probably only 
possible after the formation of the silicic acid. 
The ternary system was thorough studied in the last decades. Bowen and Tuttle [123] report that, in 
the nature, the ternary phases sepiolite (8MgO.12SiO2.6H2O.nH2O), talc (3MgO.4SiO2.H2O), serpentine 
(3MgO.2SiO2.2H2O), and anthophyllite (7MgO.8SiO2.H2O) are found. However, synthetic anthophyllite 
and sepiolite are of difficult production, being chrysotile (a form of serpentine) and talc the most common 
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synthetic compounds. Chrysotile is stable up to 500 °C, when it decomposes to talc, water vapor and 
forsterite. Talc is stable between 400 and 800 °C, and finally decomposes to enstatite, silica and water 
vapor. Talc also generally presented less water than its stoichiometric formula; for chrysotile, the opposite 
was observed. Forsterite was a stable phase above 400 °C, being originated from the reaction between 
serpentine and brucite, with release of water vapor. Enstatite, on the other hand, appears only at 
temperatures above 650 °C, from the reaction between talc and forsterite. Brucite is in equilibrium with 
water, periclase and forsterite up to around 900 °C, when it decomposes. It must be pointed out that this 
study was done under pressures above 138 bar. Sepiolite is produced under lower pressures than 
serpentine, and probably in the presence of mineralizers; whereas anthophyllite is probably produced 
under very high temperatures and low pressures [124]. 
Noll [125] cites serpentine and talc as the most important minerals in the system MgO-SiO2-H2O, 
being serpentine composed of two different minerals: chrysotile and antigorite. Their difference lies in the 
shape of their layered structure, which is cylindrical for the former, and wave-like for the latter. There is 
also another polymorph, lizardite, with a flat structure [126]. This layer structure is composed of [Si2O5] 
tetrahedra linked by [Mg-O-OH-H2O] brucite-like layers [125, 127]. In synthetic materials, with very fine 
crystallite structure, the separation of the polymorph can become impossible, and the common 
designation serpentine is preferred [125]. Noll [125] also reports the synthesis of chrysotile and talc under 
hydrothermal conditions. However, the author does not describe the pressures involved in the process, 
only the temperatures. Chrysotile was more crystalline under milder conditions than talc. Jander and 
Wuhrer [128] found the presence of brucite with little crystallinity (detected by a weight loss at 240 °C) 
in combination with serpentine, when MgO-rich compositions were combined (MgO:SiO2 = 2:1) at 325 
°C under 120 atm for 85 h. At the same conditions, the mixture 1:1 presented a mixture between 
serpentine and talc, which is expected from their molar compositions. The mixture 3:2 and 3:4, treated at 
350° C under 163 atm for 300 h presented mostly serpentine and talc, respectively. Brucite in small 
amount was present in the former, and serpentine in the latter. These authors could also establish that the 
formation of serpentine is probably a first step for the formation of talc. The results show that the 
formation of talc or serpentine under hydrothermal process is dependent on the presence at the surface of 
the reactants of H
+
, SiO4
4-
, or Mg
2+
; this latter fosters serpentine formation; the other two, talc formation. 
No other silicate, such as sepiolite or amphibole (anthophyllite) was found in their experiments. 
Jander and Fett [124] continued the work of Jander and Wuhrer [128], and noticed that forsterite is 
easily produced at temperatures as low as 360 °C, from MgO and silica-gel, provided that a minimum 
amount of water is present. As the water vapor pressure is increased, serpentine is formed. The formation 
of serpentine needs higher vapor pressures as the temperature is increased, and at 700 °C it is no longer 
possible, being the orthosilicate the only stable compound. No enstatite was formed either. The same 
observations were found for the talc formation, that means, in lower MgO:SiO2 ratios, talc is formed 
instead of serpentine, and the formation needs higher vapor pressures as the temperature is increased. 
Nonetheless, talc is stable at temperatures higher than serpentine; for instance, talc could be easily 
produced at 600 °C. The reaction path, however, is different. For talc, the orthosilicate always appears 
prior to the hydrosilicate, which is formed from the reaction of forsterite with the excess silica-rich water. 
Also, no enstatite was found. 
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Kalousek and Mui [129], in their work on the reactions in the system magnesia-silica-water, found 
that Mg(OH)2 and quartz react much slower than MgO and silicic acid, respectively, under hydrothermal 
process. In their work, it was identified that brucite was the first phase depleted in the course of reaction, 
an indication that MgO hydrates before it reacts with silica present in solution. The consumption of the 
hydroxide during the reaction was slower at lower temperatures and higher MgO:SiO2 ratios, being of 
around 4 hours at 75 °C for 0.75 ratio. It was found that, no matter the ratio between 0.75 (talc) and 1.5 
(serpentine), the first product of reaction after the disappearance of the magnesium hydroxide had a M:S 
ratio of 1.5. For compositions between 0.75 and 1.25, this ratio decreased under more severe conditions 
(e.g. higher reaction times and/or higher temperatures). When M:S equaled 0.75, the DTA analysis 
evolved from a microcrystalline mixture of silicates presenting an endothermic valley at 820-840 °C 
followed by an exothermic peak at 830-860 °C to a talc-like compound presenting only the typical 
endotherm at 910 °C. For M:S=1.5, the exothermic peak was very sharp in the beginning, and no 
endothermic valley could be clearly identified. The exothermic peak decreases its intensity with the 
improvement of the reaction conditions, and an endotherm appeared between 650 and 710 °C, similar to 
the DTA of chrysotile. Higher M:S ratios led to the concomitant stable formation of the magnesium 
hydroxide. 
Yang [130] also studied this system under mild conditions (between 100 and 300 °C). He found that 
basic magnesium carbonate had higher reactivity than magnesium oxide or magnesium carbonate; being 
the reactivity of the hydroxide the lower one. He believes that the decomposition of the basic carbonate 
originates a very reactive and dispersed magnesium oxide, and also releases carbonate, which enhances 
the rate of reaction. He also found out that both silicic acid and diatomaceous earth (composed of 
amorphous biogenic silica [91]) are more reactive than crystalline silica. Only two different hydrates were 
found under the experimental conditions employed (viz. 100-300 °C and up to 1,379 bar): a chrysotile-
like M3S2H2 compound, and a talc-like M3S4H compound. The chrysotile compound had its crystallinity 
improved with temperature and time, and was the only compound identified between 100 and 200 °C, a 
result which corroborates the observations of Kalousek and Mui [129]. His observations on the XRD 
behavior during the progress of the reaction show that the formation of chrysotile begins from the 
reaction between magnesium hydroxide and amorphous silica, with the formation of a two-dimensional 
layer lattice product in the form of crumbled foils. His DTA study is similar to a previously reported one 
[129], with the evolution of an endothermic valley at higher temperatures, and the broadening and loss of 
intensity of the exothermic peak. The talc-like compound, on the other hand, was only present in samples 
with M:S < 1.5, and at temperatures higher than 200 °C. The DTA patterns show the disappearance of the 
exothermic peak and the dislocation of the endotherm from around 800 °C to 850-870 °C, when the 
temperature was increased. For M:S < 0.75, amorphous silica was found as a product of the reaction, 
whereas for M:S > 1.5, magnesium hydroxide was always present. De Vynck [122] also encountered the 
same trend of change of the DTA profile, but with a number of other smaller less significant peaks, 
associated to the lower crystallinity of the reaction products. He also reports a shift of the exothermic 
peak from 740 to 840 °C for a chrysotile gel, when heating for longer times, and at higher temperatures; 
being the former one associated to the densification of the silicate after the departure of water; and the 
latter due to the precipitation of forsterite. No enstatite was found below 1100 °C. He also reports that, for 
mixtures of M:S = 0.75, only the compound chrysotile could be found at temperatures under 250 °C. 
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Brandenberger et al. [127] studied the thermal decomposition of chrysotile and antigorite, and found 
out that the dehydration of both minerals occurs between 550 and 600 °C, but forsterite and an amorphous 
phase form above 600 °C for chrysotile, and above 700 °C for antigorite. They react at around 1100 °C to 
form enstatite. They also report the synthesis of a serpentine-gel with a particle size lower than 10 nm 
from the reaction between silica-gel and magnesium chloride at room temperature. The water loss of this 
gel is much more continuous than the abrupt loss observed for chrysotile or antigorite. Jander and Wuhrer 
[128] found the dehydration temperatures of 530-560 °C for serpentine, and 760-800 °C for talc, with 11-
13% and 4.5-5% weight loss, respectively. Yang [130] reports the decomposition of chrysotile at 550-570 
°C, with crystallization of forsterite beginning at 600 °C. Enstatite started to appear at 750 °C, but had 
improved crystalline structure only at temperatures higher than 800 °C, coinciding with the exothermic 
peak at 790 °C. This temperature of enstatite formation is lower than the previously reported by other 
authors [127], who studied natural serpentines. It was also reported [130] that talc-like synthesized 
products presented a weight loss between 890 and 1000 °C, coinciding with the formation of enstatite and 
cristobalite. Yang [130] also found that the amount of loosely bound water to the magnesium 
hydrosilicate is higher for poor-crystalline compounds synthesized at lower temperatures. The better 
crystallized products presented steeper weight losses between 600 and 800 °C. Cattaneo et al. [131] 
studied the decomposition of chrysotile asbestos, and observed the loss of water between 550 and 800 °C, 
accompanied by a decrease in the intensity of the x-ray diffraction peaks of chrysotile up to its 
disappearance at 800 °C. Forsterite already forms at temperatures below 750 °C, and the authors associate 
a sharp exothermic peak at 800 °C to the heat of formation of this phase. This reaction, however, remains 
unclear, with the possible formation of one or more amorphous intermediate compounds, associated to a 
multistage dehydroxilation endothermic band at about 700 °C. These results are corroborated by the study 
of Zaremba et al. [132], who detected full decomposition of chrysotile at 650 °C, and the crystallization 
of forsterite between 650 and 725 °C. Forsterite created by thermal treatment at 725 °C (fully developed) 
did not present an exothermic peak in the DTA, which was previously present at 840 °C; which proves 
the association of the peak to the forsterite formation, not to the enstatite precipitation. Viti [133] studied 
all the serpentine minerals under DTA and TGA, and her results also show a massive loss of water 
between 550 and 800 °C, with the exact location of the DTA endotherms changing according to the 
nature of the serpentine mineral. The author also studied the exothermic peak at 820-826 °C, and 
associated it to enstatite formation, even though it is not identifiable by XRD at this temperature. The 
temperature for forsterite and enstatite formation varies according to the initial mineral; being at 740 and 
1000 °C for antigorite, and 775 and 875 °C for lizardite, respectively.  
Sepiolite, on the other hand presents a somewhat more complex dehydration behavior than talc and 
serpentine. Due to the presence of zeolite water, structural water, and hydroxyl groups, sepiolite presents 
water loss between the temperatures 100 and 720 °C, with peaks at 100, 300 and 650 °C [134]. Elsewhere 
[135], these temperatures are reported as 117 °C (loss of zeolite water), 327-377 °C (loss of two water 
molecules), and 547 °C (loss of the other two structural water molecules). At 820 °C, an exotherm related 
to the final decomposition of anhydrous sepiolite to enstatite and cristobalite is present [134].  
Other methods of production of magnesium silicohydrates include mechanochemical activation and 
sol-gel technique. Mechanochemical activation was used to produce talc-like amorphous compounds 
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[136] and mixtures of talc and chrysotile-like compounds of poor crystallinity [137], from magnesium 
hydroxide and silica gel. DTA evolution behavior of the products is similar to those reported by authors 
who studied the synthesis under hydrothermal conditions. Brew and Glasser [138] produced magnesium 
silicate hydrate compounds of low crystallinity by the precipitation from a solution of sodium metasilicate 
and hydrated magnesium nitrate. Products similar to sepiolite, talc, and a mixture of talc and serpentine 
were produced by this technique. 
In the system MgO-SiO2-H2O studied under conditions typical for refractory castable technology, it 
is likely that both magnesia and amorphous silica will dissolve in water. Magnesium cations will form 
brucite, whereas silica will form silicic acid, or its anionic forms, depending on the pH. These hydrated 
silicon oxide species can react with either the periclase, or the brucite, or the magnesium cations 
dissolved in water, and form silicates of magnesium. Due to the low temperatures and atmospheric 
pressure present in the process, it is unlikely that crystalline products will be found, but precursors of talc, 
serpentine, sepiolite or a combination of these phases may be present in the material. Nan et al. [66] 
report the presence of a talc-like compound, but, according to the above exposed, such a compound is 
unlikely to be formed, as long as temperature and pressure are too low, and the M:S ratio in a magnesia 
castable is much higher than 1.5.  
 
 
2.4.3. The quaternary system MgO-SiO2-MgF2-H2O 
 
 
Like magnesium oxide and hydroxide, the fluoride presents one stable mineral phase, sellaite, from 
room temperature up to its melting under atmospheric pressure [139]. Magnesium fluoride melts at 1263 
°C [140, 141], a value in accordance to one obtained more recently (1265±2 °C) [142]. The presence of 
humidity lowers the melting temperature [142]. The volatilization is very low, even in melts heated up to 
1500 °C, but is also affected by the presence of humidity [141], because of the easy retention of water on 
the surface of the fluoride up to high temperatures, with the formation of HF by hydrolysis [143]. An 
eutectic at 1229.5 °C was reported in the binary MgO-MgF2 for a MgO content of 8.35 mole-% [144], in 
close agreement to the 1228±2 °C reported by Sharma [142] for 8.5 mole-%. The liquidus temperature 
rises sharply for increasing contents of MgO. No oxyfluorides, that means, no intermediary compounds, 
were found in this binary system [141], and also no solid solutions [143]. As for the MgF2-SiO2 system, 
unless an intense volatilization due to the formation of SiF4, and precipitation of forsterite or norbergite 
(Mg2SiO4.MgF2) occurs, no reaction is found [141]. Hinz and Kunth [143], however, state that the 
reaction between the fluoride and silica forms MgO and the gaseous silicon fluoride, which hydrolyses to 
silica and fluoric acid. 
The ternary MgO-MgF2-SiO2 was studied by Hinz and Kunth [143], more specifically the binary 
Mg2SiO4-MgF2. Four compounds are found, all pertaining to the class of the humite minerals, with a 
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general formula nM2SiO4.M(OH,F)2, where n = 1, 2, 3, 4 for norbergite, chondrodite, humite and 
clinohumite, respectively, and M = Mg, Fe
2+
, Ti, etc. [145]. In the present case, only the minerals with M 
= Mg are of interest, and their structure is composed of layers of forsterite alternated by layers of 
norbergite [146]. In the above-mentioned binary system, these four specimens were synthesized, and the 
phase relations described [143]. There is only one eutectic at 1215 °C, located between norbergite and 
sellaite. All four compounds present an incongruent transformation: norbergite forms liquid and 
chondrodite at 1345 °C, clinohumite forms forsterite and chondrodite at 1380 °C, and chondrodite forms 
liquid and forsterite at 1450 °C. The boundary limits of humite were not established. The ternary MgO-
MgF2-Mg2SiO4 studied by the same authors presents no stability field for clinohumite and humite, and 
only one eutectic at 1192 °C, for the composition with MgO = 14%, MgF2 = 82% and SiO2 = 4%, 
corresponding to the junction of the sellaite, periclase and norbergite fields. The other ternary, MgF2-
Mg2SiO4-SiO2 could not be extensively studied due to strong reaction between the components and very 
low viscosity of the melts. The production of humite was also reported elsewhere to demand higher 
reaction times and temperatures, and to be less reproducible, as the other humite minerals [146]. 
The last ternary side of the quaternary to be discussed in this Section is the MgO-MgF2-H2O system. 
Hamza and Nancollas [147] studied the dissolution of the fluoride in water, and found rates of dissolution 
between 0.63 and 3.30 x 10
-7 
mol.min
-1
.m
-2
 at 25 °C, according to the concentration of Mg and F ions in 
solution. These rates tripled with an increase in temperature of 10 °C. Under atmospheric pressure, no 
ternary compound is found, and the hydrolysis reaction of magnesium fluoride occurs, with the formation 
of periclase and fluoric acid [148]. However, at 1,000 bar, a Mg(OH)F compound was found to be stable 
up to 765 °C, which extended the decomposition temperature of brucite [148]. The same compound was 
believed to be present as an intermediary product of the hydrolysis of magnesium fluoride by water vapor 
under high temperatures [149]. Moreover, Booster et al. [150] found out, in their experiment of 
conversion of sellaite to brucite with the aid of sodium hydroxide as reactant, that complete removal of 
fluorine from the brucite produced by the hydrolysis of the fluoride was not possible during the reaction. 
Thus, they postulate a substitution of a significant amount of hydroxyl ions in the brucite by fluorine, in a 
compound with the formula MgOH2-yFy, with y varying from 0.050 to 0.350 in their experiment. Upon 
heating, the compound was stable up to 900 °C, when it formed sellaite, water and periclase. Sellaite was 
further decomposed at 1000 °C. The solid solution of sellaite in brucite, and of brucite in sellaite, was 
calculated elsewhere [151], and the same intermediary compound was found, as well as its stability field 
at 2,000 bar. The presence of fluorine in the lattice of the hydroxide increases its thermal stability. This 
apparent limited substitution of hydroxyl groups for fluorine anion is probably possible due to the similar 
ionic radius of both [124, 149, 152], and should not lead to strong structural changes. The formation of 
magnesium hydroxide in magnesia under water containing fluorine ions was also reported as essential to 
the adsorption of fluorine by active magnesias [153]. Even though the authors believe that fluorine reacts 
with the brucite to form magnesium fluoride, which attaches to the surface of the oxide particles, it is 
probable that the fluorine is incorporated to the structure of the brucite during its formation due to a 
substitution mechanism, being the higher final pH in the solution containing fluorine an indicative of this 
substitution. Moreover, a same exchange of OH
-
 ions for F
-
 ions was observed for serpentine in aqueous 
environment [152], also followed by an increase in the pH of the solution. 
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Duffy and Greenwood [151] also studied the phase relationships in the quaternary system with their 
thermodynamic model. At 2,000 bar, the stable quaternary compounds are talc, norbergite, chondrodite 
and clinohumite. They could not synthesize humite or serpentine under the studied temperatures (varying 
from 529 to 797 °C). All these quaternary compounds presented a limited degree of substitution of 
fluorine for hydroxyl ions. An increase in temperature shifted the stability field of this substitution to the 
fluorine-rich side of the diagram. Talc was the only ―pure hydroxyl‖ quaternary compound synthesized, 
and pure fluorine compounds could be synthesized, but only in a total absence of water. These findings 
coincide with other reports [124], that the humite-minerals cannot be synthesized in the absence of 
fluorine, unless very high pressures are employed (higher than 1 GPa) [145]. Jander and Fett [124], on the 
other hand, reported the synthesis of chondrodite and humite under hydrothermal conditions varying from 
360 to 600 °C, parting from stoichiometric mixtures of magnesium and silicon oxides with hydrofluoric 
acid or magnesium fluoride. The authors also found that a minimum amount of fluorine in solution is 
necessary to build humite minerals; concentrations below this amount produce a mixture of serpentine 
and brucite at 435 °C. This result corroborates the importance of a non-stoichiometric mixed phase 
Mg(OH)2-yFy on the construction of the lamellar structure of humite minerals. Another study which 
corroborates the effect of fluorine on the MgO-SiO2-H2O system shows that, in the presence of fluorine, 
the stability field of chrysotile shrinks, and the formation of talc (fluorinated), chondrodite, and 
clinohumite is favored, according to the increase of the M:S ratio [154]. The stability field of forsterite 
also increases, in the sense that this phase is stable at lower temperatures and pressures as for systems 
without fluorine, and the exothermic peak associated to enstatite formation [122] disappears. 
Additionally, the presence of fluorine in the humite minerals increases with an increase in both the 
content of fluorine and the temperature of its formation. As with brucite, the presence of fluorine in 
substitution for hydroxyl groups increases the thermal stability upon heating of the compounds in the 
quaternary system [146, 151, 155, 156]. 
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3. Materials and methods 
 
  
3.1. Materials 
 
 
Three sorts of magnesium oxide were used during the experiments hereby described. Dead-burned 
magnesia (DBM) of high purity (DBM M-30B, from Magnesita Refractories S.A., Brazil) was used for 
all the experiments involving castables, and many rheology, pH, and hydration tests, among others. For 
some experiments, in which high reactivity was necessary, in order to better follow the behavior of 
magnesia under certain conditions, a high purity light magnesia (LM, from neoLab Migge Laborbedarf-
Vertriebes GmbH) was used. Electrofused magnesia (EFM, China) was also used for some special tests. 
Moreover, two different types of microsilica were used in the experiments, both from Elkem Materials. 
The first, less pure one has a trademark Elkem® 955U, whereas the other is the Elkem® 983U. The latter 
was employed mostly in laboratory measurements, such as rheology, pH measurements, and hydration 
tests, due to its higher purity. The former was used exclusively for the production and study of castables. 
The properties of the magnesias and microsilicas studied in this work are presented in Table 3.1. 
Besides magnesia and microsilica, alumina was also used in some experiments, more specifically, 
reactive alumina CTC-50 and tabular alumina T-60 (sizes < 45 µm and < 200 µm), both from Almatis 
GmbH. The properties of these raw materials are presented at Table 3.2. 
The additives used during the following study are show in the list below. The properties are those 
given by the producer, unless otherwise stated. 
- Dispersing aid: 
o Castament VP65 – polycarboxylate ether, powder. Producer: BASF Construction Polymers 
GmbH. 
- Anti-hydration aids: 
o Citric acid anhydrous (C6H8O7) – CAS-Nr. 77-92-9. Purity: min. 99%. Producer: Merck 
Schuhardt OHG. 
o Citric acid monohydrate (C6H8O7.H2O) – CAS-Nr. 5949-29-1. Purity: min. 99.5%. 
Producer: AppliChem GmbH. 
o Oxalic acid dihydrate (C2H2O4.2H2O) – CAS Nr. 6153-56-6. Purity: min. 99.5%. Producer: 
AppliChem GmbH. 
o Tartaric acid (C4H6O6) – CAS Nr. 526-83-0. Purity: min. 99.5%. Producer: AppliChem 
GmbH. 
o Palmitic acid (C16H32O2) – CAS Nr. 57-10-3. Purity: min. 98%. Producer: AppliChem 
GmbH. 
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Table 3.1 Properties of magnesias and microsilicas used for the experiments. Chemical analysis as 
certified by the suppliers. Bulk specific gravity and apparent porosity are only shown for 
DBM, because it is the only raw material used in coarse grains. 
Raw material DBM 
M-30B 
LM EFM Microsilica 
955U 
Microsilica 
983U 
Bulk specific gravity (g/cm³) 3.31 - - - - 
Apparent porosity (%) 2.5 - - - - 
Chemical analysis (%)      
MgO 98.4 > 98 97.8 0.22 0.10 
Al2O3 0.14 - 0.06 0.55 0.20 
SiO2 0.22 - 0.39 96.3 98.4 
Na2O+K2O < 0.1 - <0.1 0.86 0.35 
CaO 0.91 < 0.7 1.06 0.26 0.20 
Fe2O3 0.28 < 0.02 0.15 0.18 0.01 
L.O.I. 0.04 0.76 0.10 1.5 0.50 
Median diameter (µm)* 14.4 1.3 25.0 0.83 0.62 
* for DBM M-30B, the median diameter refers to the ball mill fines. 
 
Table 3.2 Properties of the aluminas used for the experiments. Chemical analysis as certified by the 
suppliers. 
Raw material Alumina CTC-50 Tabular alumina T-60 
Chemical analysis (%)   
MgO < 0.1 < 0.05 
Al2O3 99.7 99.5 
SiO2 < 0.1 < 0.05 
Na2O+K2O 0.17 0.35 
CaO < 0.1 < 0.05 
Fe2O3 < 0.1 < 0.05 
Median diameter (µm)* 1.5 5.2 (45 µm) 
 
o Stearic acid (C18H36O2) – CAS Nr. 57-11-4. Purity: min 98%. Producer: Carl Roth GmbH. 
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o Magnesium stearate (Mg(C18H35O2)) – CAS Nr. 557-04-0. Purity: min. 99.5%. Producer: 
Sigma Aldrich AG. 
o Dipotassium tartrate hemihydrate (K2C4H4O6.1/2H2O) – CAS Nr. 921-53-9. Purity: min. 
99%. Producer: Riedel-de Haën AG. 
o Solid paraffin Granopent® P - CAS Nr. 8002-74-2. Melting point: 52-54°C. Producer: Carl 
Roth GmbH. 
o Boric acid (H3BO3) - CAS Nr. 10043-35-3. Purity: min. 99.5%. Producer: Merck Schuhardt 
OHG. 
o Acid magnesium phosphate trihydrate (MgHPO4.3H2O) - CAS Nr. 10043-83-1. Purity: min. 
99.5%. Producer: Merck Schuhardt OHG. 
o Magnesium fluoride 1 (MgF2) - CAS Nr. 7783-40-6. Purity: min. 98%. Producer: VEB 
Chemiewerk Nünchritz. 
o Magnesium fluoride 2 (MgF2) - CAS Nr. 7783-40-6. Purity: min. 98%. Quality: technical 
grade. Producer: Sigma Aldrich AG. 
o Magnesium chloride (MgCl2) - CAS Nr. 7786-30-3. Purity: min. 98%. Producer: ABCR 
GmbH & Co. 
o Calcium fluoride (CaF2) – CAS Nr. 7789-75-5. Purity: min. 99.5%. Producer: VEB 
Chemiewerk Nünchritz. 
o Quartz sand (SiO2) – CAS Nr 99439-28-8. Purity: min 98.5%. Producer: Strobel Quarzsand 
GmbH. 
 
 
3.2. Experimental procedures 
 
 
Several experiments were performed, but only those specifically developed for the present work will 
be in more details discussed. All results presented in the following Sections were made, at least, as 
duplicates (that means, two samples taken from two different experimental sets).  
 
 
3.2.1. Damage by hydration in autoclave 
 
 
For the assessment of the hydration resistance of fine magnesia with different additives by water 
vapor, a hydration test was developed. In order to assure a standard fineness of the magnesia grains, as 
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well as an intimate mixture between magnesia and additives, the first step of the procedure was to dry 
mill the magnesia BMF with different amounts of the compound to be tested in a planetary mill (model: 
Pulverisette 5 with two bowl fasteners – supplier Fritsch GmbH). Mg-Partial Stabilized Zirconia bowls 
charged with Yttria-Stabilized Zirconia balls of 15 mm diameter were used. Tests with different diameters 
were done (5, 10, 25 and 30 mm), but poor grinding was found for coarser media; whereas with 5mm the 
grinding lacked energy. The results with 10 mm and 15 mm were similar, but recovery of the milled 
material was easier and presented higher yield with the use of the coarser balls. Milling time was selected 
to be 30 minutes at 300 rpm, a condition which gave stable and reproducible particle size distribution, 
with d99 < 1 µm, as measured by SEM (an example is seen in Figure 3.1). Laser scattering particle size 
analysis provided inaccurate values for particle size, because the dry milling process leads to the 
formation of agglomerates, which were not destroyed by the ultrasonic treatment that precedes the 
analysis. The ball-to-charge ratio (ratio between the weight of the balls and that of powder) was selected 
as 20:1, and the total volume occupied by the milling media in the bowl was of approximately 50%. 
 
 
Figure 3.1 Microstructure of magnesia milled for 30 minutes in the planetary mill, without additives. 
SEM secondary electrons mode, 25,000x magnification. 
 
The milled product was afterwards dry pressed in a hand press, in cylindrical form of 10.0±0.1 mm 
diameter and 9.5±0.5 mm height. These samples were tested for hydration in a vertical autoclave with 50 
litter capacity. The apparatus used in this test is schematically demonstrated in Figure 3.2. The samples 
were placed over a porcelain substrate and under an inverted funnel, in order to avoid contact with liquid 
water due to condensation on the base, or to dropping due to condensation on the lid of the autoclave. 
This design restricted the use of only eight samples per test. The test conditions were: (i) three hours 
heating from room temperature up to 150 °C, (ii) holding time of one hour at 150±2 °C and 5.3±0.1 bar; 
(iii) cooling under normal atmosphere by turning off the equipment.  
Samples were analyzed visually for the extension of damage, and also by other techniques, such as 
SEM, XRD, and DSC/TGA. 
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Figure 3.2 Schematic drawing of the apparatus used for the hydration of pressed powders in autoclave. 
 
 
3.2.2. Rheometric measurements 
 
 
All rheometric measurements were done with a Haake RheoStress RS150 rheometer, produced by 
Thermo Fisher Inc. A double-cylinder design was used, in which the cylinder was a serrated one, made of 
titanium (model Z38Ti). The distance between the walls of the internal and external cylinders was of 5 
mm. The adoption of the serrated design is due to the better adhesion of the slips to the cylinder; as long 
as slide was a critical issue in the use of the flat model. Even though there is a loss in the accuracy of the 
measurement of viscosity — due to lack of an adequate mathematical model — shear rate and shear stress 
could be measured with improved precision and reproducibility. Temperature was always kept constant at 
21.0±0.3 °C. The error in repeated measurements was between 5 and 10%, being this latter value adopted.  
Two different test methods were used for the characterization of slips: 
1 – time interval – the time interval test was done by applying a constant shear rate of 5 s-1, and 
recording the evolution of the shear stress over time. According to the increase of the stress, the behavior 
of different additives on the hydration of magnesia could be measured; 
2 – hysteresis curve – shear rate was increased over time, until a maximum of 600 s-1 was reached. 
Measurements at this rate were done during one minute, and the shear rate was decreased in the same 
steps as previously increased. Shear stress was measured, and the difference between the stresses during 
the increase and the decrease of the applied rate formed a hysteresis curve, the behavior of which is 
related to the dispersion state of the slip, as well as to the kinetics of hydration. 
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3.2.3. Production of magnesia castables – study of physical properties 
 
 
Two different procedures were adopted for the production of magnesia castables; one for the 
production of 160x40x40 mm³ prisms, used for the measurement of properties such as cold modulus of 
rupture, cold crushing strength, apparent porosity and bulk density; and another for the production of 
150x150x150 mm³ cubes, used for the study of hydration in real-sized castables.  
For the production of samples for physical tests, a Hobbart-type mixer (Tonimix, fabrication: Toni 
Technik) was used, and the amount of castable produced was 3.0 kg of solid material. The dry powders 
were fed in the bowl, and mixed for 30 seconds, after which the desired amount of potable water was 
added. Wet mixture was done for four more minutes, after which the castable was ready for molding. 
Self-flow was measured according to DIN EN 1402-4 [157]. The samples were casted in steel molds, and 
cured for 24 hours in air. Molds were only slightly shaken by hand, in order to better accommodate the 
castable in the edges; vibration was used only in special cases (which will be explicitly cited in the text), 
and a regular vibration table with magnetic holders was used. The temperature was 17±5 °C, and relative 
humidity was not controlled. After this period, samples were demolded and dried in an electric oven at 
120 °C for 24 hours, with a heating curve from room temperature to the final temperature of one hour. 
The rapid heating up exerted no effect on the macroscopical integrity of the samples. 
 
 
3.2.4. Production of magnesia castables – study of hydration of real-sized samples 
 
 
For the production of the bigger cubes, a RV08 mixer (fabrication: Maschinenfabrik Gustav Eirich 
GmbH & Co) was used, and 10 kg of dry castable were mixed. The mixing procedure was similar to the 
above described, but, due to the tendency of agglomeration of the castable on the walls of the bowl, only 
75% of the final water was added after 30 seconds of dry mix. After two minutes, the mixer was fully 
stopped, in order to manually scrap the agglomerated castable with a trowel. The rest water was added 
and mixture proceeded for three more minutes. The castable was afterwards casted in steel molds, and, 
due to the bigger geometry, no aid was necessary during molding. Only some formulations demanded 
vibration. 
For the hydration studies, temperature and humidity control during the curing process were made in a 
climate chamber (KPK400V, fabrication: Feutron Klimasimulation GmbH). Cure was done at 17.0±0.3 
°C and relative humidity of 75±3% for 48 hours. During the first 24 hours cure was done inside the steel 
molds, which were removed for the rest of the remaining time. The samples were afterwards dried in an 
electric oven according to the following schedule: 
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- from room temperature to 80 °C, 5 °C/min; 
- 5 hours at 80 °C; 
- from 80 °C to 150 °C, 5 °C/min; 
- 12 hours at 150 °C; 
- cooling inside the oven, under natural convection. 
This schedule was developed according to preliminary experiments which showed that cracks on the 
castable occur between 115 and 130 °C, when this schedule is followed. Moreover, it is an industrial 
practice to adopt slow drying schedules for pre-shapes, with stuffs at different temperatures. 
 
 
3.2.5. Thermogravimetric measurements of bulk samples 
 
 
For the study of the hydration behavior, the method developed by Silva et al. for the study of the 
hydration of magnesia-based castables [158] was employed. Real-sized samples (150x150x150 mm³ 
cubes) were first macroscopically evaluated for the presence of cracks, and afterwards their core was 
extracted for thermogravimetric analysis of bulk samples (weighing between 100 and 250 g). Whenever 
possible, the cubes were broken with hammer and chisel, and the core was manually extracted. However, 
some samples were too strong to be broken safely; in this case they were cut with a diamond disk under 
water, and dried for 12 hours at 110 °C. This procedure provided the same results as the previous one.  
Thermogravimetric measurements were done in an electric oven specially designed for these 
measurements (LHT 04/16 SW, fabrication: Nabertherm GmbH), with a balance of precision 0.01 g 
placed on the bottom of the oven and connected to its internal chamber by an alumina rod. Different 
heating rates were tested (100, 300 and 600 °C/h), and the results were roughly the same (Figure 3.3). 
Thus, it was decided to adopt a standard heating rate of 100 °C/h, which is closer to heat-up schedules 
adopted by the industry. 
 
 
3.2.6. Physical characterization of the castables 
 
 
Even though the dimensions 160x40x40 mm³ are not in full accordance to DIN EN 1402-6 [159] or 
DIN EN 993-6 [160], they were able to provide reliable and reproducible results for cold modulus of 
rupture (CMOR) and cold crushing strength (CCS). Both properties were measured in a universal testing 
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machine (Toniversal 100 kN, fabrication: Toni Technik). CMOR was measured in the 160x40x40 mm³ 
prisms, whereas CCS was measured in cubic sections taken from the broken pieces. With the exception of 
the size of the probes, the standards used were DIN EN 993-6 [160] for CMOR and DIN EN 993-5 [161] 
for CCS. Apparent porosity and bulk density were also measured on parts of the broken pieces of the 
CMOR specimens. Measurements were carried on water and according to the standard DIN EN 993-1 
[162]. A total of only three probes were used for each measurement, thus leading sometimes to a high 
standard deviation. 
 
 
Figure 3.3 Thermogravimetric measurements at different heating rates for a sample composed of 
92.5% DBM and 7.5% reactive alumina CTC-50. 
 
Electric oven and electric muffle furnaces were used whenever drying and firing were needed, 
respectively. Permanent linear change (PLC) of the castables was measured with a caliper of precision 
0.005 mm. Dimensions after the cure and after firing were measured and the standard DIN EN 1402-6 
[159] was adopted. The PLC after cure was always between -0.10% and 0%, considered negligible. 
 
 
3.2.7. Other techniques 
 
 
Several analytical techniques were used during the present work, and they are hereby briefly 
discussed: 
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- pH Measurement: the measurement in suspensions was made with the use of an appropriate 
electrode for suspensions (inLab® Expert Pro from Mettler-Toledo Intl. Inc.) and a measurement 
equipment FiveEasy® FV20 (Mettler-Toledo Intl. Inc.). Distilled water with a pH ranging from 
5.5 to 5.8 was used in all the experiments, and its temperature was measured constantly, and 
verified to stay between 18 and 23 °C. Before every set of measurements, the electrode was 
calibrated with three buffer solutions, of pH 4.01, 7.00, and 10.01, in order to assure the 
correctness of the measurements. However, due to natural oscillations, during repeated 
measurements it was verified an error of less than 5% in the values measured, attributable to 
oscillations in water and raw material quality, as well as atmospheric influence. 
- X-Ray Diffraction (XRD): X-Ray diffraction was done in powders obtained either by milling in 
a laboratory hardened steel swing mill, or by hand with alumina mortar and pestle. Due to the 
softness of magnesia, when compared to both materials, the process was very fast (less than one 
minute) and no spurs of contamination were found in the samples. The analyses were made with 
a PANalytical X’Pert Pro MPD 3040/60 equipment, with a goniometer configuration and Cu-Kα 
radiation. For the identification of the phases, the software X’Pert HighScore Plus (version 2.2d 
from Sep. 2008 — PANalytical B.V.) was used, with the FIZ-NIST ICSD (Inorganic 
Crystallographic Structure Database) database version 2007-2 (supplied by PANalytical B.V. as 
the database PAN-ICSD (PW3213) version 1.3 from Dec. 2007). Rietveld method was also used 
for the determination of the quantities of brucite and periclase in the hydrated samples. In this 
case, the X’Pert software was also employed. Due to the poor crystallinity of some samples, a 
big ratio of noise/signal and a strong broadening of the peaks were observed in many cases. The 
Rietveld procedure was done with a manual estimation of the background, as long as the 
automatic equations were not able to comprehensively eliminate its influence. Moreover, due to 
the little degree of overlapping between the peaks from brucite and periclase, it was quite easy to 
set the parameters in order to obtain a good approximation. The profile function that worked best 
for the analysis was the Pseudo-Voigt [163], and the method used was the automatic stress-strain 
analysis. The parameters of the function were adjusted in order to achieve the best results, and 
are dependent on the nature of the analyzed sample. 
- Simultaneous Differential Scanning Calorimetry and Thermogravimetric Analysis 
(DSC/TGA): these curves were measured by means of a Netzsch STA 409 analyzer, in 
corundum crucibles and under synthetic air atmosphere. The amount of sample was 30 mg. 
- Scanning Electron Microscopy (SEM): secondary electron micrographs of powders and 
fracture surfaces were made with a SEM Philips XL30. 
- Surface Area BET: measured by the monopoint method in a Thermostat AREA-meter II, 
supplied by Ströhlein Instruments. 
- Laser Scattering Particle Size Distribution: the powders were dispersed in water by ultrasound 
applied for five minutes, and analyzed by means of a LS 230 equipment (Beckman Coulter). 
- Fourier Transform Infrared Spectroscopy (FT-IR): 3 mg of previously milled powder were 
added to 1,000 mg of potassium bromate and milled for 10 minutes in a vibration mill. 
800.00±0.07 mg of this mixture were pressed for 10 minutes under 25 MPa to give pellets of 20 
mm diameter and ca. 1mm thickness. The pellets were analyzed by means of a Nicolet 380 
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(Thermo Fisher Scientific Inc.) FT-IR Spectrometer. The spectrum of pure KBr pellets was 
subtracted from the original spectrum of each probe. 
- Raman Spectroscopy: the milled specimens were excited by a 325 nm ultraviolet line of a He-
Cd gas laser, and analyzed by means of a Labram T64000 (Horiba Jobin Yvon) Raman 
spectrometer. The ultraviolet radiation was chosen due to the very high fluorescence observed in 
the experiments with the use of visible 442 and 532 nm laser beams. 
- Refractoriness under Load (RUL): measured according to the standard DIN EN 993-9 [164], 
from room temperature up to 1650 °C with a 0.2 MPa load, in a Netzsch TASC 414/4 
equipment. 
- Creep resistance: measured according to the standard DIN EN 993-8 [165], at 1550 °C for 25 
hours with 0.2 MPa load, in a Netzsch TASC 414/4 equipment. 
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4. Results and Discussion 
 
 
4.1. Hydration of sintered magnesia in the presence of additives 
 
 
4.1.1. Hydration by water vapor 
 
 
The hydration in autoclave of the sintered magnesia was done according to the procedure described 
in Section 3.2.1. The additives listed as anti-hydration additives in Section 3.1 (exception being made to 
magnesium fluoride 2), as well as Castament® VP65, were studied in addition to 100% pure magnesia or 
to a mixture M:S of 9:1. The weight of the additives was always calculated over the total weight of the 
oxides. Figure 4.1 presents the photos of the samples with 10% of additive after the test. The additives not 
shown in Figure 4.1 are presented in Figure 4.2. 
The macroscopical aspect of the samples depicted in Figure 4.1 made it able to differentiate the 
additives with a good anti-hydration potential. Some of them — more specifically citric acid 
monohydrate, boric acid, magnesium fluoride 1, and tartaric acid — were tested in different amounts (0.5, 
1.0, 2.5, 5.0 and 7.5%), in order to evaluate the minimum amount capable of hindering hydration damage 
in magnesia. In this case, only 100% MgO powders were used, as long as the macroscopical aspect 
clearly showed that the addition of microsilica had an overall beneficial effect on the protection against 
hydration. The results of these hydration tests are presented in Figure 4.2. As can be seen, the effect of the 
carboxylic acids (citric and tartaric) was higher than the effect of the inorganic additives (magnesium 
fluoride and boric acid), because lower amounts were able to produce a better protection. Tables 4.1 and 
4.2 present a resume of the observations of this hydration test, as well as the amount of hydration 
measured by XRD (Rietveld analysis) and TGA. 
The first observation is that microsilica is effective in reducing the damage and extent of hydration in 
magnesia, but its effect depends on the additive used in combination with it. Strong hydration inhibitors, 
such as boric acid, citric acid or potassium tartrate, do not present better results with the presence of 
microsilica in the powder. No difference was observed between the anhydrous and the monohydrated 
citric acids. Moreover, it is not the use of silica itself that brings the anti-hydration effect, as long as the 
sample with 10% quartz presented the same degree of hydration as pure magnesia. It is the amorphous 
characteristic of microsilica — and its high surface area — that provides an anti-hydration protection to 
magnesium oxide. Other additives, such as magnesium acid phosphate, presented a better hydration 
resistance with the addition of microsilica, but still presented cracks in the pressed pellet, and similar 
brucite amount. The greatest difference was with the use of the dispersant Castament® VP65. Its use in 
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pure magnesia was ineffective to avoid hydration, but with the addition of microsilica the hydration 
amount was very low. Thus, it is difficult to believe that such additive works as a surface protection for 
the magnesia particles, but it is probably responsible for a better dispersion of both magnesia and 
microsilica, thus enabling a higher contact area and improving significantly the effect of silica on the 
hindrance of hydration of magnesia. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.1 Macroscopical aspect of the pressed pellets after the hydration test in autoclave – test of the 
type of additive (amount of additive = 10%). From the left to the right: (a) top – 100% 
MgO, MgO + citric acid anhydrous, MgO + magnesium stearate, MgO + Castament® 
VP65; bottom – same as top, but with the M:S mixture. (b) top - 100% MgO, MgO + citric 
acid monohydrate, MgO + paraffin, MgO + quartz sand; bottom – same as top, but with the 
M:S mixture. (c) top - 100% MgO, MgO + boric acid, MgO + stearic acid, MgO + 
magnesium acid phosphate; bottom – MgO + magnesium fluoride 1, MgO + magnesium 
chloride, MgO + potassium tartrate. (d) same as (c), but with the MgO:SiO2 mixture. 
 
Some other additives were inert regarding to hydration behavior. Paraffin and oxalic acid have no 
role on the hydration of magnesia in autoclave; but magnesium chloride possibly increases its rate. Fatty 
acids and their salts (stearic and palmitic acids, and magnesium stearate) have limited protection effect, 
probably due to their low wettability by water. As long as their effect is probably of a physical character, 
the addition of microsilica also improved the hydration resistance, just like it does with pure magnesia.  
Among the additives which were tested in an amount of 10%, boric acid presented the best protection 
against hydration, both as measured by XRD or by TGA. Magnesium fluoride also presented a very good 
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hydration resistance, but it was further increased by the presence of silica. An interesting feature of 
magnesium fluoride is that the results measured by XRD and TGA were much closer between each other 
than those measured for boric acid, tartaric acid, potassium tartrate and citric acid. The Rietveld approach 
is less precise, especially in the present case, where brucite can form in minute crystals, almost plane in 
their geometry, and with different degrees of microcrystalline stress. Moreover, due to the nature of its 
growth, brucite crystals present great distortions in their c/a ratio, in the first stage of growth, which 
makes the analysis particularly difficult and imprecise. It should be noted that, for the specimen without 
additives, the periclase amount was underestimated by a poor Rietveld adjustment. However, it is not the 
only source of error, as will be presented later in this Section.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.2 Macroscopical aspect of the pressed pellets after the hydration test in autoclave – test of the 
effect of the amount of additive (over 100% MgO). From the left to the right: (a) top – 
citric acid monohydrate 10%, 7.5%, 5.0%, 2.5%; bottom – citric acid monohydrate 1.0%, 
0.5%, 10% tartaric acid. (b) top – 10% palmitic acid, 10% oxalic acid, magnesium fluoride 
10%, 7.5%; bottom – magnesium fluoride 5.0%, 2.5%, 1.0%, 0.5%. (c) top - boric acid 
10%, 7.5%, 5.0%; bottom – boric acid 2.5%, 1.0%, 0.5%. (d) top - tartaric acid 10%, 5.0%, 
2.5%, 1.0%; bottom – tartaric acid 0.5%. 
 
Some particularities between the experimental results obtained for the additives magnesium fluoride, 
citric acid, tartaric acid, and boric acid were observed. In the case of the inorganic compounds magnesium 
fluoride and boric acid, an ideal amount between 2.5 and 5.0 weight-%, or 1.6 and 3.2 molar-% should be 
used to prevent hydration. Tartaric and citric acids, however, protect the magnesia in lower amounts viz. 
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between 1.0 and 2.5 weight-%, or 0.2 and 0.5 molar-%. This similarity inside these two different 
categories, as well as the difference between both of them, suggest a different mechanism of protection. 
 
Table 4.1 Brucite and periclase contents in pressed powders after autoclave hydration, according to 
the type of additive used. 
 
* for tartaric acid, potassium tartrate and citric acid monohydrate this peak is the sum between the amount 
of hydroxide and tartrate/citrate. 
** aspect: unaffected = no visual change in the pressed pellets; cracked = one or more cracks present in 
the pressed pellet after the test, but with no disruption of the pellet; broken = disruption of the pellet in 
smaller bulk fragments; powdery = disintegration of the pellet to a powder state, with no visual 
identification of the previous pressed structure. 
 
Figure 4.3 presents the SEM micrographs of samples with these four additives, after the hydration 
test. For the citric acid, it is clear that, despite the absence of macroscopic damage in the samples, there 
was extensive hydration as measured also by XRD and TGA. The periclase grains are completely covered 
by brucite platelets of minute dimensions. With the addition of magnesium fluoride, the brucite crystals 
are not as frequent as with the addition of citric acid, but better developed. As for the sample with boric 
and tartaric acids, no brucite crystals could be readily identified, even in MgO particles of nanometric 
TGA
brucite periclase brucite*
without microsilica
- 0.0 90.1 9.9 81.4 powdery
citric acid anhydride 10.0 22.0 78.0 - unaffected
Mg stearate 10.0 53.0 47.0 - powdery
Castament VP65 10.0 81.7 18.3 - powdery
citric acid monohydrate 10.0 20.8 79.2 45.9 unaffected
Granopent P 10.0 77.0 23.0 - powdery
quartz sand 10.0 84.0 16.0 powdery
boric acid 10.0 3.9 96.1 18.5 unaffected
stearic acid 10.0 46.1 53.9 - powdery
MgHPO4.3H2O 10.0 20.1 79.9 - broken
MgF2 10.0 18.8 81.2 23.4 unaffected
MgCl2 10.0 99.6 0.4 - powdery
potassium tartrate 10.0 11.5 88.5 35.2 unaffected
tartaric acid 10.0 9.1 90.9 38.6 unaffected
palmitic acid 10.0 34.7 65.3 - powdery
oxalic acid dihydrate 10.0 87.3 12.7 - powdery
with microsilica
- 0.0 47.8 52.2 42.8 powdery
Mg stearate 10.0 24.8 75.2 - powdery
Castament VP65 10.0 8.1 91.9 - unaffected
citric acid monohydrate 10.0 18.6 81.4 43.5 unaffected
boric acid 10.0 6.9 93.1 17.9 unaffected
MgHPO4.3H2O 10.0 13.0 87.0 - cracked
MgF2 10.0 7.6 92.4 17.5 unaffected
potassium tartrate 10.0 14.5 85.5 32.2 unaffected
Amount of additive (%)Type of additive aspect**
Amount (%)
XRD - Rietveld
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dimensions. The microstructure is identical to that of the original powder, and it is believed that the 
brucite present is: (i) either finer than the possible resolution given by the equipment, or (ii) present in 
more well defined crystals, which confound themselves with the magnesia matrix, or (iii) present as an 
amorphous phase covering magnesia crystals. 
 
Table 4.2 Brucite and periclase contents in pressed powder after autoclave hydration, for selected 
additives in different amounts, as well as position of the main diffraction peaks of brucite. 
The molar amount was calculated from the molar weight stated by the supplier: magnesium 
oxide = 40.3 g/mol; magnesium fluoride = 62.32 g/mol; citric acid monohydrate = 210.14 
g/mol; tartaric acid = 150.09 g/mol; boric acid = 61.83 g/mol. 
 
* for tartaric acid and citric acid monohydrate this peak is the sum between the amount of hydroxide and 
tartrate/citrate. 
** aspect: unaffected = no visual change in the pressed pellets; cracked = one or more cracks present in 
the pressed pellet after the test, but with no disruption of the pellet; broken = disruption of the pellet in 
smaller bulk fragments; powdery = disintegration of the pellet to a powder state, with no visual 
identification of the previous pressed structure. 
§ peak was not sharp or high enough to allow a precise measurement. 
 
 
TGA
brucite periclase brucite* (001) (101) (102) (110)
- 0.0 0.0 powdery 90.1 9.9 81.4 4.7844 2.3670 1.7952 1.5729
10.0 1.92 unaffected 20.8 79.2 45.9 4.7830 2.3660 1.7964 1.5722
7.5 1.44 unaffected 24.0 76.0 - 4.7854 2.3645 1.7948 1.5732
5.0 0.96 unaffected 25.2 74.8 - 4.7823 2.3661 1.7958 1.5724
2.5 0.48 unaffected 28.4 71.6 - 4.7867 2.3665 1.7965 1.5721
1.0 0.19 broken 54.2 45.8 - 4.7827 2.3659 1.7950 1.5727
0.5 0.10 powdery 72.8 27.2 - 4.7872 2.3667 1.7944 1.5729
10.0 2.69 unaffected 9.1 90.9 38.6 § § § §
7.5 2.01 - - - - - - - -
5.0 1.34 unaffected 16.9 83.1 - 4.8073 2.3662 § 1.5712
2.5 0.67 unaffected 22.0 78.0 - 4.7932 2.3659 1.7949 1.5724
1.0 0.27 cracked 22.9 77.1 - 4.7870 2.3658 1.7964 1.5713
0.5 0.13 broken 27.0 73.0 - 4.7877 2.3651 1.7937 1.5733
10.0 6.52 unaffected 3.9 96.1 18.5 § § § §
7.5 4.89 unaffected 7.0 93.0 - § § § §
5.0 3.26 unaffected 5.3 94.7 - § § § §
2.5 1.63 cracked 11.0 89.0 - 4.7917 2.3646 § 1.5717
1.0 0.65 powdery 46.2 53.8 - 4.7821 2.3675 1.7950 1.5735
0.5 0.33 powdery 70.6 29.4 - 4.7859 2.3657 1.7938 1.5738
10.0 6.47 unaffected 18.8 81.2 23.4 4.7725 2.3532 § 1.5596
7.5 4.85 unaffected 18.9 81.1 - 4.7796 2.3520 1.7847 1.5613
5.0 3.23 unaffected 18.1 81.9 - 4.7803 2.3553 1.7892 1.5648
2.5 1.62 broken 38.2 61.8 - 4.7832 2.3639 1.7944 1.5715
1.0 0.65 powdery 55.0 45.0 - 4.7843 2.3668 1.7950 1.5726
0.5 0.32 powdery 72.6 27.4 - 4.7849 2.3670 1.7950 1.5732
Position of diffraction peak (Å)
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Boric acid
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fluoride
XRD - Rietveld
Amount (%)
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.3 SEM secondary electron micrographs at 10,000x magnification for samples hydrated in 
autoclave for 1 hour at 150 °C. (a) MgO + 10% citric acid monohydrate; (b) MgO + 10% 
boric acid; (c) MgO + 10% magnesium fluoride 1; (d) MgO + 10% tartaric acid. 
 
Figures 4.4 and 4.6 present the thermogravimetric analysis of compositions containing 10% of citric 
acid monohydrate, tartaric acid, boric acid, magnesium fluoride, or potassium tartrate, either for powders 
composed of 100% magnesia or for the mixture M:S=9:1, respectively. Figures 4.5 and 4.7 present the 
DSC analyses for these compositions. The addition of the tartaric and citric acids promote the appearance 
of an exothermic peak at the region 415-430 °C, exactly the same region at which the decomposition of 
the brucite presents a minimum in the endothermic valley (425 °C for the pure magnesia). This exotherm 
possibly masks the presence of any brucite being decomposed, and is originated from the combustion of 
the magnesium citrate/tartrate [166-169], which decomposes to form the magnesium oxide. Thus, the 
high weight loss observed at the compositions containing these additives is associated to the presence of 
these organic salts, and not to the presence of brucite. It explains the exaggerated calculations of the 
brucite content presented at Tables 4.1 and 4.2, when compared to the Rietveld method. The lower 
exothermic peak found for the potassium tartrate is probably due to a lower tendency of the tartrate 
groups to combine with magnesia when other cations are present in solution. It is also possible that the 
decomposition of potassium tartrate occurs at lower temperatures, thus resulting in the observed lower 
temperatures of weight loss and of the maximum of the exothermic peak. 
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(a) 
 
(b) 
Figure 4.4 Thermogravimetric analysis of some selected additives, at 10% addition over MgO weight. 
(a) TGA curve; (b) dTG/dT curve.  
 
 
Figure 4.5 DSC analysis of some selected additives, at 10% addition over MgO weight. 
 
Another important feature of the TGA profiles obtained with the addition of tartaric acid, citric acid 
and the potassium tartrate is the higher weight loss at temperatures lower than 200 °C. This higher loss is 
associated also to the formation of the tartrate/citrate, which may possess different amounts of water in 
their structure. These compounds are amorphous, as long as no diffraction peaks could be identified. 
 The presence of boric acid also altered significantly both the TGA and DSC curves. TGA profile 
was flattened by the presence of the additive; an almost constant weight loss as the temperature increases 
was observed, with just a subtle increase in the decomposition rate present at the dTG/dT curve at 429 °C, 
which is marked by a minimum. This flat profile is very beneficial to the structural integrity of castables, 
because the evolution of water occurs with less pressure build-up during the heating process. The 
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endothermic valley measured by DSC was also very weak, being a proof that only a small amount of 
brucite was available. The reason for this flattening of the TGA curve is not clear, but may either be to the 
formation of complexes between boron ions and water, or due to a structural change of the magnesium 
hydroxide, present as a phase of lower crystallinity. 
 
 
(a) 
 
(b) 
Figure 4.6 Thermogravimetric analysis of some selected additives, at 10% addition over oxide (90% 
MgO + 10% SiO2) weight. (a) TGA curve; (b) dTG/dT curve. 
 
 
Figure 4.7 DSC analysis of some selected additives, at 10 w-% addition over oxide (90% MgO + 10% 
SiO2) weight. 
 
With the addition of fluoride there is a small increase in the decomposition temperature (432 °C) and 
a broadening of the dTG/dT peak in the direction of higher temperatures, as previously reported for 
magnesium hydroxide containing fluorine in its structure [148]. This presence of fluorine in the lattice 
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can be seen in the position of the diffraction peaks of brucite, presented in Table 4.2. Citric acid led to no 
measurable change in the crystalline lattice; tartaric and boric acid formed less crystalline hydroxide, with 
higher distance in the basal (001) plane and no change in the other planes, and fluoride led to an overall 
shrinkage of the lattice, due to the smaller size of the fluorine anion (1.36 Å, in comparison to 1.40 Å for 
OH
-
 [152]) . 
The addition of silica changed the hydration rate of the magnesia. The endothermic peak reduced in 
intensity, and the weight loss fell from 28 to 17.4%. Even though the curve still presents a sharp 
inclination at the range of brucite decomposition, a significant loss at temperatures lower than 200 °C is 
associated to the presence of water bound to a sort of magnesium-silicate-hydrate phase (M-S-H), which 
will be detailed in coming Sections. This phase is also responsible to some flattening of the curve before 
and after the brucite maximum decomposition rate. Magnesium fluoride also presented a better effect 
with the addition of microsilica, resulting in a flattener TGA curve and lower presence of brucite. Its 
endothermic valley is similar to that of the sample containing boric acid, but dislocated to higher 
temperatures, due to the presence of fluorine.   
Nonetheless, the addition of silica practically did not alter the TGA and DSC profiles for samples 
containing boric acid and citric acid monohydrate. Both compositions presented roughly the same weight 
loss, at similar temperatures, and the same DSC profile up to 600 °C. Potassium tartrate, on the other 
hand, presented a higher weight loss (increased from 16 to 18%), but the TGA curve presented a different 
behavior, with less brucite present, but higher amount of loss at temperatures below 300 °C, and above 
500 °C. This higher loss cannot be well explained with the data available, but it is probable that a change 
in the M-S-H phase occurs, leading to the broad exothermic peak identified in the DSC analysis, between 
500 and 800 °C. 
This exothermic peak is probably related to the precipitation of forsterite and/or enstatite, like 
discussed in the literature review. The broadening of the peak is probably due to a slower crystallization 
of the M-S-H phase when potassium and tartrate ions are present. Citric acid monohydrate also promotes 
this retarding effect, but the peak is much sharper, pointing out the importance of the inorganic ion in the 
process. The presence of boron ions fosters the reaction, because boron is a well-recognized mineralizer 
for magnesian systems. Magnesium fluoride, on the other hand, eliminates the peak, and the reasons will 
be discussed latter in this work. 
 
 
4.1.2. Hydration of magnesia with additives in water – rheological and pH measurements 
 
 
Some of the additives tested in autoclave were also tested in water, in order to verify their effect on 
the rheology and on the pH variation of magnesia suspensions. The pH variation is a good indication of 
the hydration of the magnesium oxide, as long as, according to Equations 2.1 and 2.2, no matter the initial 
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pH of the solution, the hydration of magnesium oxide involves always the liberation of hydroxyl groups. 
Moreover, the subsequent step — the formation of hydroxide over the surface of the magnesia particles 
— is reported to influence the rheology of suspensions. 
The first pH measurements were made on dilute suspensions of light magnesia (LM) and water (25% 
of magnesia over the entire weight of the suspension), with the study of the effect of different additives 
(calculated in weight percent over the weight of magnesia). The aim of the study was to evaluate the 
evolution of pH over time. Figure 4.8 presents the most relevant results of this study.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
Figure 4.8 Evolution of pH over time lapse in 25 solids-% suspensions of magnesia: (a) with citric 
acid monohydrate; (b) with boric acid; (c) with tartaric acid; (d) with magnesium fluoride; 
and (e) with microsilica. The lines are just to guide the eyes. 
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All of the tests showed an increase in pH over time, due to the continuous dissociation of magnesium 
oxide and the release of hydroxyls in suspension. This evolution tends to stabilize, as time passes by. 
Moreover, almost all of the additives increased the pH of the suspensions, being the effect dependent 
upon the amount of addition. An increase in pH means a higher amount of hydroxyl anions in suspension, 
which can mean either that the magnesia hydrates faster, or that its surfaces reacts with other dissolved 
specimens instead of being hydroxylated to build the magnesium hydroxide. This last conjecture seems to 
be correct for the magnesium fluoride, as long as small amounts (0.1%) do not influence in the pH of the 
suspension, whereas a higher amount (1.0%) keeps more hydroxyls in suspension, and no further increase 
of pH for higher amounts of fluoride (2.5%) was measured, indicating a saturation of the reaction. As 
previously observed in the hydration tests in autoclave, fluoride seems to be incorporated to the structure 
of the newly formed hydroxide, which leaves more uncombined hydroxyl groups in solution. 
For citric acid, the mechanism seems somewhat different. At increasing amounts of the additive, the 
pH drops, as would be expected by the higher amount of protons liberated in solution by the dissociation 
of the acid. The increase of pH for small amounts of additive may be a result of the chelation of the citric 
radicals present in solution onto the surface of magnesia, leaving unreacted hydroxyls in suspension. The 
same seems to be true for boric acid, but to a lower extent, due to its lower acidic character. Tartaric acid, 
on the other hand, presented a rather different behavior. The curves for 2.5% citric acid, and for 0.1 and 
1.0% tartaric acid present an initial stage of about 20-25 minutes in which the pH remains stable. This 
period is probably characterized by intense reaction between the surface of the magnesia and the chelant 
agent, with annihilation of the hydroxyls by the liberation of protons in solution. As the steric hindrance 
formed by the acid molecule impedes the chelation, but still allows the reaction with water molecules, pH 
rises steadily, until equilibrium is reached. Tartaric acid is a better chelant for magnesia than citric acid 
[46] and has a smaller molecular size, thus its better effect at lower concentrations can be explained. It is 
possible that, at higher concentrations, the reaction between magnesia and tartaric acid is so quick, that 
what is observed is only the part of the curve in which the pH increases, what would explain the different 
behavior measured. 
As for microsilica, its presence in water at such high pH leads to the formation of silanol groups, 
which interact with the surface of the magnesia and leave more unreacted hydroxyls in suspension. The 
saturation point for this reaction is probably below 10% concentration of silica. 
DBM had also its pH measured in water, but at higher concentrations, and with the presence of only 
microsilica, in order to verify the influence of the pH on typical matrixes of refractory concretes. The 
consistency of the suspension (henceforth called paste, to differentiate from the less concentrated 
suspensions used in the former study) was adjusted to an ideal point (shear stress under shear strain 
between 20 and 40 Pa). In order to adjust the consistency of the pastes, the use of Castament® VP65 as a 
dispersing aid was essential. 0.6% over the weight of solids was used, and pastes with varying amount of 
microsilica were tested: (a) 100% MgO (DBM); (b) 90% DBM + 10% SiO2; (c) 75% DBM + 25% SiO2; 
(d) 50% DBM + 50% SiO2; (e) 100% SiO2; (f) 45% DBM + 45% SiO2 + 10% MgF2; and (g) 100% MgO 
(LM). The amount of water varied accordingly: (a) 15%; (b) 15%; (c) 25%; (d) 35%; (e) 27.5%; (f) 40%; 
(g) 40%, over the weight of solids. The result of this experiment is resumed in Figure 4.9. In thicker 
pastes, the tendency of increasing pH is suppressed, and microsilica and both forms of magnesia present a 
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rather stable pH over time. The pH of the LM is higher than the pH of the DBM, because of its higher 
surface area, and higher purity, which leads to higher dissociation in water. It is also coherent with the 
final pH achieved in the experiment with the dilute suspensions. An influence of the silica on the pH of 
the pastes is also observed. For lower concentrations (10 and 25%), microsilica promotes an increase in 
pH, with a curve which approaches a sigmoidal behavior. This sudden increase in pH, located between 20 
and 30 minutes for 10%, and between 5 and 15 minutes for 25% microsilica is probably due to a latent 
time in which silica is dissolved in the suspension with a high pH, forms the silanol groups on its surface, 
and adsorbs to magnesia particles, in a process which changes the equilibrium of Equation 2.2 to the right 
(higher concentration of hydroxyl in solution). But, as the amount of silica rises, both its lower pH in 
water and its dissociation to silicic acid promote a reduction in pH. The effect of magnesium fluoride is 
not clear, but the observed small reduction in pH can be due to a dilution effect. 
 
 
Figure 4.9 pH evolution in ceramic pastes of magnesia and silica. (a) 100% MgO (DBM); (b) 90% 
DBM + 10% SiO2; (c) 75% DBM + 25% SiO2; (d) 50% DBM + 50% SiO2; (e) 100% SiO2; 
(f) 45% DBM + 45% SiO2 + 10% MgF2; and (g) 100% MgO (LM). For 100% DBM and 
100% LM, the measurements were finished earlier due to loss of consistency. 
 
Figure 4.10 presents a rheology time interval test for LM under the influence of several additives. 
The amount of water, in this case, was fixed at 200% relative to total weight of solids, and the addition of 
Castament® VP65 was fixed at 10%. Addition of 5% of dispersant led to an increase of one order of 
magnitude in the measured shear stress. Microsilica reduces the viscosity of the system because of the 
better particle packing of the suspension, even though the pH remains at the isoelectric point range of 
magnesia (pH 11.0-12.0) [170]. The use of microsilica also reduces the rate in which the suspension 
thickens (increased shear stress). Magnesium fluoride, does not influence the rate of increase of viscosity 
(increased shear stress), and the difference in shear stress over time is probably due to natural oscillations 
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of the test. The presence of serrated regions in the curves is due to precipitation of hydrates, which 
influence the viscosity of the system.  
 
 
Figure 4.10 Rheological time interval test results for different additives. 
 
Boric and citric acids work in a similar way, by reducing the viscosity and keeping it almost steady 
over time. This behavior is due to hindered hydration. However, with the addition of both additives, an 
irregular pattern is observed for the curve after circa 25 minutes (1500 s). This point at time is closely 
related to the beginning of pH increase for magnesia suspensions containing 2.5% citric acid (Figure 
4.8a), and is probably due to a massive coagulation of the system after the surface of the magnesia is 
totally recovered by hydrated products and/or acid molecules. After the end of the test, the pastes were 
hard, and the serrated interval is due to the slide between the inner cylinder of the equipment and the thick 
hardened paste. Such a thickening was also observed for the suspension with tartaric acid, even though no 
serrated pattern was identified. The test was aborted after 4,000 s, due to hardening of the suspension. 
Nonetheless, the influence of this hardening is observed on the abnormal increase in the shear stress after 
around five minutes of test, followed by a decrease of this rate after a short irregular period (between 30 
and 40 minutes). 
In order to evaluate the relationship between the pH and the rheological measurement of suspensions, 
time interval tests were made with different concentrations of citric acid monohydrate. The curves 
presented in Figure 4.11 show little influence of lower amounts of citric acid on the shear stress evolution 
of magnesia pastes, just like no region of constant pH was observed in the suspensions for these amounts 
of additive (Figure 4.8a). Thus, the region of constant shear stress in the pastes is probably generated by 
the absence of precipitation of hydrates/citrates, due to the reaction of the citrate ions with Mg
2+
 cations. 
However, after this period, the precipitation of hydrates and/or citrates occurs quickly, and flowability of 
the suspensions is almost instantly lost. 
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Figure 4.11 Rheological time interval test results for different amounts of citric acid monohydrate. 
 
 
4.2. Rheological measurements of DBM slips 
 
 
The first measurement was made to verify the optimum amount of dispersing aid for DBM slips 
containing 10% microsilica. This amount of microsilica was used because of self-flow observations in 
magnesia castables, for which 10% of microsilica in the matrix provided suitable placing properties. 
These results will be better discussed in subsequent Sections. Figure 4.12 presents the hysteresis curves 
for slips containing 15% water (over total solids content). For contents 0.4 and 1.0% of Castament® 
VP65, the hysteresis curves could not be measured, and the behavior of the curve of the shear stress as a 
function of the shear rate was erratic. Between these amounts, viscosity was almost independent from the 
content of dispersing aid, with a subtle increase as the amount of additive increases. The curves obtained 
for 0.5 and 0.9% presented some deviations from the other three curves, as can be seen in the small box in 
Figure 4.12, which presents the derivative of the shear stress. The deviations are attributed, in the case of 
0.5% of dispersant, to the breakage of agglomerates formed by the solid particles due to an insufficient 
amount of molecules in suspension to assure optimal dispersion. For the higher content, the deviation is 
attributable to the disruption of the flocks formed by interlocking of the polymeric chains of the 
dispersant. Thus, it was assumed that the stability field for this dispersing aid in the slip studied lies 
between 0.5 and 0.9%. The area of the hysteresis curve was roughly the same for all five compositions. 
Not only the amount of dispersant is important, but also the amount of water. Tests indicated that 
15% is the minimum amount of water in the matrix that provides good flow, when 0.6% Castament® 
VP65 is used. Higher water content reduces the viscosity and the hysteresis areas. Amounts above 16% of 
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water promote fast segregation. Thus, water content must be strictly controlled for the system magnesia-
silica, in order to avoid molding failures in the castables. 
 
 
Figure 4.12 Rheological hysteresis curves according to the amount of Castament® VP65 used as 
dispersing aid in DBM slips containing 15% water and 10% microsilica. The arrows show 
the path of the test. The small box on the lower right corner presents the derivative of the 
top part of the curve. Lines are presented to guide the eyes. 
 
The effect of additives on the hysteresis curve could only be measured for magnesium fluoride. All 
other additives studied in Section 4.1 provided unreliable results, probably due to coagulation of the slips. 
Figure 4.13 presents the results for the addition of different levels of fluoride on the hysteresis curve of 
slips containing 10% of silica and 0.6% Castament. It also presents a curve of a slip made exclusively of 
DBM, for comparison. Slips without microsilica always presented erratic behavior, with the impossibility 
to increase the shear rate above 300s
-1
 due to sudden interruption of the test by the equipment. It is 
interesting to notice that the increase in the amount of magnesium fluoride in the slips containing 
microsilica increased the shear stress necessary to obtain the same shear rate, a finding in coherency with 
the curve presented in Figure 4.10 for LM+microsilica. At 3% content, the presence of magnesium 
fluoride disturbed the system, and no stable hysteresis curve was obtained. 
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Figure 4.13 Rheological hysteresis curves according to the amount of magnesium fluoride used as 
dispersing aid in DBM slips containing 10% microsilica, 15% water and 0.6% Castament® 
VP65. The gray curve (100% MgO) was measured for a slip without microsilica and 
fluoride. The arrows show the path of the test. Lines are presented to guide the eyes. 
 
 
4.3. Study of the system MgO-SiO2-MgF2-H2O applied to refractory castable technology 
 
 
The previous tests showed that magnesium fluoride had a good potential to decrease the hydration 
sensitivity of magnesia, without major disturbances in the rheology of magnesia-based slips. Moreover, 
slips without microsilica addition proved to be rheologically unstable. In order to discover the exact 
mechanism of action of the fluoride in the system MgO-SiO2-H2O in conditions typical of refractory 
production (i.e. mixture with water at room temperature, curing in air for at least 24 hours, drying in an 
oven at temperatures lower than 200 °C and atmospheric pressure), a more detailed study was necessary, 
as long as the literature details almost exclusively hydrothermal processing for this system. 
Light magnesia, microsilica 983U and magnesium fluoride 1 were mixed with water in a proportion 
1:2 (solid:liquid, in weight) in different proportions, according to the samples below: 
- mixture 1 – 100% LM 
- mixture 2 – 50% LM + 50% 983U 
- mixture 3 – 45% LM + 45% 983U + 10% MgF2 
- mixture 4 – 90% LM + 10% MgF2 
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The mixtures were left to dry at room temperature for 24 hours, than were dried for five hours at 80 
°C, followed by 12 hours at 150 °C, in an electric oven. The temperatures were selected to emulate the 
temperatures and times used during the hydration experiments of magnesia castables. Afterwards, 
samples were taken from the mixtures, and XRD, FT-IR, Raman Spectroscopy, SEM and DSC/TGA tests 
were done, in order to identify changes which occurred. 
Figure 4.14 presents the FT-IR spectra of the mixtures. Most of the interpretation of these spectra 
was done with the help of the database presented by Ref. [171]. The strong peak at 3695-3698 cm
-1
 is 
related to the H-O-H stretch at M-OH groups, where M denotes a metallic atom (in the case, either 
magnesium or silicon). The small peak at 3643-3647 cm
-1
 is also related to the presence of molecular 
water, and is almost absent in the mixtures containing silica. These mixtures also present a peak of lower 
intensity in the 3695-3698 cm
-1
, but a broad band at 3200-3600 cm
-1
 appears which is typical of hydrogen 
bonded water in the lattice of a solid. This band is stronger for the mixture 2, whereas the other peaks of 
water are stronger for mixture 3, indicating a lower degree of net formation in this latter mixture. This 
region of the spectra is more typical of chrysotile than of talc [122], probably due to the high amount of 
water available for the reaction. Also related to structural water is the weak peak at 1635-1650 cm
-1
, 
characteristic of H-O-H deformation vibration, and stronger with the presence of microsilica. 
With the presence of fluorine, there is an increase in strength in the peaks in the region 2850-2960 
cm
-1
. Their origin is not clear, but the morphology of the peaks and their position is similar to those found 
by Huber and Knözinger [172] in their study of the adsorption of organic acids containing chlorine and 
fluorine on magnesia. According to the authors, peaks at 2850-2860, 2966 (stronger) and 3019 cm
-1
 
appeared for atmosphere rich in CH3F, and are most probably related to a Mg
2+…F-CH3 complex in the 
surface of the magnesia substrate. Hence, the peaks identified in the present work may be, in part, related 
to the adsorption of fluorine on the surface of magnesium oxide or hydroxide; but it would not explain 
their appearance at mixture 2. Thus, an influence of the potassium bromate used as diluent for the analysis 
should not be disregarded. 
With only this above exception, vibrational spectra for mixtures 1 and 4 are roughly the same, both in 
the position and intensity of the peaks. A broad band appears between 1300 and 1615 cm
-1
, which is 
probably due to the carbonation of the magnesium oxide/hydroxide [173, 174]. The weak peak at 858-874 
cm
-1
 is present in magnesium oxide, but its intensity is increased with the presence of water [173], just 
like the band at frequencies lower than 600 cm
-1
, typical of M-O stretch vibration. 
The presence of silicon atoms in the system, and of silicates as well, changes the profile of the band 
at lower frequencies, and a sharper peak appears at around 470 cm
-1
, typical of Si-O-Mg vibrations [122], 
but also related to silicate structures SiO4
4-
 and SiO3
2-
 [171]. Also related to silicate presence are the peak 
at 1120 cm
-1
 and the band between 940 and 1100 cm
-1
. The latter is associated to Si-O stretch vibrations 
in the silanol (Si-O-H) groups, whereas the former is more typical of SiO4
4-
 net vibrations. The presence 
of fluoride apparently has a hindrance effect on the reaction between silica and water, as observed in the 
slight higher intensity of peaks related to M-OH vibrations and lower intensity of peaks related to Si-OH 
vibrations. It may also be related to the incorporation of fluorine in the structure of the formed phases 
[154]. It should be noted that the observed spectra are closer to the chrysotiles studied by De Vynck, than 
to talc [122]. 
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Figure 4.14 Infrared spectra of mixtures in water of magnesia with microsilica and/or without 
magnesium fluoride. Peaks 1, 2, 9 and 10 are related to structural water; peaks 3 and 4, to 
complex Mg
2+…F-CH3; peaks 5 is related to the presence of carbonates; peaks 6, 7 and 8 
are typical of oxides of metallic substances (Mg-O bond, in the present case); peaks 11, 12, 
13, 14 and 15 are typical of silicate bonds, and/or metallic bonds with oxygen and silicate. 
For additional information, see discussion in the text. 
 
Figure 4.15 presents the Raman spectra of the studied mixtures. The Raman shifts identified at 
mixture 1 at 279, 445 and 729 cm
-1
 (the latter is weaker and broad) are present in brucite [175], as well as 
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the hydroxyl related peaks at 3652, 3706 and 3742 cm
-1
. The peak at 1086 cm
-1
 is related to periclase  
[176, 177]. These same peaks appear at mixture 4, at 281, 445, 745, 1086, 3647, 3698, and 3742 cm
-1
, in 
a very similar pattern. No identifiable effect of fluorine was found. 
 
 
Figure 4.15  Raman spectra of mixtures of magnesia with microsilica and/or magnesium fluoride in 
water. Peaks 1, 2 and 3 are related to brucite and periclase; peaks 4 and 5, to periclase; 
peaks 6, 7 and 9 are related to structural water; peaks 8, 10 and 11 are typical of silicate 
bonds. For additional information, see discussion in the text. 
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The introduction of silica in the system leads to the decrease in intensity of all the above peaks, and 
to disappearance of the broad peak at 745 cm
-1
, probably due to a lower content of magnesium hydroxide 
and of bonds between magnesium and oxygen. Peaks at 369, 520, 676 and 903 and 1608 cm
-1
 appear, this 
latter related to structural water. The two peaks of lower frequency are related to vibrations in the SiO4 
tetrahedral structure, and the one at 676 cm
-1
 is attributed to Si-O-Si stretch [178]. As for the weak broad 
peak at 903 cm
-1
, it is present in humites [179], asbestos [180] and silicate glasses modified by alkaline-
earth elements [181], being probably a Si-O-Si vibration modified by the presence of magnesium atoms. 
The presence of magnesium fluoride decreases the intensity of the peaks, and, just like in the infrared 
analysis, this effect may be related to a disturbance in the formation of a silicate network during the 
hydration. 
Magnesium fluoride could not be identified by the Raman spectroscopy. The typical vibrations are 
close to 295 and 410 cm
-1
 [182, 183]. Because of the proximity of these vibrational peaks to some typical 
of brucite/magnesia, it is possible that an overlap occurred, even though the position of the peaks was not 
altered. Another possibility is the incorporation of the fluorine into the structure of the brucite, thus 
weakening the Mg-F vibrations, which would explain the broadening of the brucite related peaks in 
mixtures 3 and 4. 
TGA and DSC were also analyzed for these four mixtures, being the results presented in Figures 4.16 
and 4.17. The total weight loss in the presence of magnesium fluoride is slightly reduced, and a stark 
dislocation of the maximum rate of weight loss (dTG/dT curve) at fluoride containing compositions was 
observed (mixture 1 = 414 °C; mixture 4 = 435 °C; mixture 2 = 419 °C; mixture 3 = 455 °C). As already 
discussed, this effect is probably related to the incorporation of fluorine in the formed brucite. The 
presence of silica also led to a significant weight loss at temperatures lower than 200 °C, due to 
structurally bound water, similar to the TGA observations of sepiolite [134, 135]. In accordance to the IR 
and Raman Spectroscopy results, there is a higher amount of water in the structure of the composition 
without fluoride, and it is more firmly bound (maximum decomposition temperature of mixture 2 = 110 
°C and of mixture 3 = 97 °C). The TGA analysis also shows a lower weight loss due to brucite when 
fluoride is not added, with a smoother curve and higher weight loss from 450 °C up to 800 °C. This result 
is also in accordance to the fact that the silicate net formation is disturbed by the presence of fluorine in 
the system, as observed by Raman and FT-IR. 
 
The DSC peaks present in Figure 4.17 are intimately linked to the weight loss of the materials, both 
in intensity and position. The endothermic peak at 665 °C present in mixture 1 and barely recognizable in 
mixture 4 is related to the weight loss which takes place at temperatures higher than 600 °C, and is related 
to the carbonates previously identified by FT-IR. Other two endothermic peaks are identified, one at 1029 
°C in mixture 3, and the other at 1183 °C in mixture 4. As long as a higher weight loss is identified over 
1000 °C only for these two compositions (0.64 and 0.44%, respectively), these peaks are probably related 
to the loss of fluorine due to evaporation.  
Exothermic peaks were also identified in the mixture containing silica and/or fluoride. Mixture 2 
presented a strong peak at 829 °C; mixture 3 presented peaks at 769 and 801 °C, as well as a broad one at 
965 °C; and mixture 4 presented a broad peak at 972 °C. The interpretation of these peaks demanded 
more detailed XRD analysis, which will be discussed in the next paragraphs. 
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Figure 4.16 Thermogravimetric analysis of mixtures 1 to 4. The small box at the upper right corner 
depicts the derivative of the TGA curve. 
 
 
Figure 4.17 DSC analysis of mixtures 1 to 4. 
 
Figure 4.18 presents the XRD spectra of the studied compositions, after cure. Brucite is the 
predominant phase, but the intensity of the peaks is reduced by one third with the presence of silica (not 
identifiable in the diagram, due to the use of the relativized I/I0 parameter), and the background increases 
significantly, denoting a lower degree of crystallinity. The major phase was brucite, and periclase is still 
present in the mixtures without silica, being its presence lower with the addition of fluoride. Mixture 3 
also presents traces of sellaite, which is not identified in mixture 4. The compositions with silica present a 
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phase of poor crystallinity with major bands in similar positions as those identified by Brew and Glasser 
in their synthesized M-S-H gels [138]. Mixture 2 presented more intense bands of the M-S-H phase, as 
well as less intense brucite peaks than mixture 3. The presence of traces of quartz in mixture 2 may be 
due to impurities in the microsilica. The spectra are well correlated with the other analyses, in that the 
presence of magnesium fluoride in systems with silica decreases the formation of the silicate phase, 
probably because the brucite with incorporated fluoride is less reactive. It is interesting to note that the 
formation of the poor crystalline M-S-H phase increases the consumption of magnesia, and stops the 
formation of brucite, generating the appropriate conditions to retain unreacted sellaite in mixture 3. 
 
 
Figure 4.18 XRD spectra of mixtures 1 to 4 after cure. B = brucite; P = periclase; Q = quartz; S = 
sellaite; G = M-S-H low crystallinity phase, after Brew and Glasser [138]; ? = unidentified 
peak. 
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Just like the previous XRD analyses, the presence of fluorine in the system promotes the dislocation 
of the brucite peaks, showing a probable distortion in its structure. Table 4.3 presents the position of the 
four main diffraction peaks of brucite, and it is clear the influence of the fluorine in the formation of 
brucite crystals.  
 
Table 4.3 Position of the main diffraction peaks of brucite for mixtures 1 to 4. 
 
 
Another study was made in order to better clarify the influence of fluorine in the MgO and MgO-
SiO2 systems, with a focus on the exothermic peaks observed in DSC analysis (Figure 4.17). Milled 
samples of mixtures 2, 3 and 4 were fired inside alumina crucibles for three hours at the following 
temperatures: (i) 780 °C, (ii) 840 °C, (iii) 1050 °C, and (iv) 1120 °C. The phases found after each thermal 
treatment are presented at Table 4.4. 
 
Table 4.4 Mineralogical phase assemblage of mixtures 2, 3 and 4 after different thermal treatments. 
Thermal treatment Mixture 2 Mixture 3 Mixture 4 
150 °C x 12 h brucite 
M-S-H 
quartz ** 
brucite 
M-S-H(F) 
sellaite 
brucite  
periclase 
780 °C x 3 h forsterite 
periclase 
forsterite 
clinohumite 
periclase 
periclase 
calcium fluoride 
840 °C x 3 h forsterite 
periclase 
enstatite 
forsterite 
clinohumite 
periclase 
chondrodite 
periclase 
calcium fluoride 
1050 °C x 3 h forsterite 
clinoenstatite 
periclase 
forsterite 
enstatite 
cristobalite 
periclase 
forsterite** 
calcium fluoride** 
1120 °C x 3 h forsterite 
clinoenstatite 
periclase 
forsterite 
enstatite/clinoenstatite* 
cristobalite 
periclase 
forsterite** 
calcium fluoride** 
* the position of the peaks indicates a mixture between enstatite and clinoenstatite in the material 
** trace amount 
 
The results of this study show that the strong exothermic peak at 829 °C measured at mixture 2 is 
clearly associated to the precipitation of enstatite; the change of its structure to the high-temperature one 
was not detected by thermal analysis. Enstatite and forsterite are formed at the expense of periclase, no 
(001) (101) (102) (110)
mixture 1 4.7737 2.3697 1.7937 1.5726
mixture 2 4.7709 2.3661 1.7946 1.5733
mixture 3 4.7655 2.3598 1.7866 1.5693
mixture 4 4.7658 2.3605 1.7910 1.5689
Position of diffraction peak (Å)
Composition
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depletion of forsterite was observed during the precipitation of enstatite (its content was rather stable), 
maybe because there is still free silica to react with the magnesium oxide (the M:S molar ratio in mixture 
2 is 1.49, and in forsterite it is 2.0). The presence of magnesium fluoride changes this phase assemblage. 
At 780 °C, the spectra are apparently the same, but the intensity and position of some main peaks of 
mixture 3, when compared to mixture 2 (more specially at 2θ = 40.0, 52.5 and 63.0) show that there is an 
important presence of clinohumite in mixture 3, the same holding true after the treatment at 840 °C. After 
the treatment at 1050 °C, the position of the peaks in both mixtures is the same, coinciding with the 
forsterite pattern. Thus, the exotherm at 769 °C is probably related to the precipitation of clinohumite 
and/or forsterite, whereas the peak at 801 °C is related to the formation of chondrodite. The broad peak at 
965 °C is probably related to the precipitation of enstatite, which is delayed due to the presence of 
fluorine, as well as its change to the higher temperature polymorph clinoenstatite. The endothermic valley 
at 1029 °C is clearly identified to the loss of fluorine, as long as no fluorine-containing phases are 
identified at 1050 °C. This observation is in close agreement with the TGA analysis, which reported a 
significant weight loss at around 1000 °C for the samples containing fluorine. The presence of fluorine is 
also related to a faster consumption of the periclase, since the phases clinohumite and chondrodite present 
a higher M:S ratio than forsterite and enstatite. The decomposition of the magnesium-silicate-hydrate 
phase containing fluorine (M-S-H(F)) also leaves free silica, which crystallizes as cristobalite at 
temperatures around 1050 °C. 
As for mixture 4, the presence of periclase is identified, and its crystallinity rises accordingly, with a 
major increase after thermal treatment at 1050 °C. In the system without silica, magnesium fluoride reacts 
with the calcium silicate of the magnesia clinker and forms fluorite (calcium fluoride), probably releasing 
amorphous silica, which reacts with magnesia and forms a small amount of forsterite at higher 
temperatures (the exothermic peak at 972 °C in Figure 4.17 is probably related to the formation of 
forsterite). It was also noted that calcium fluoride peaks became weaker after thermal treatment at higher 
temperatures, and the endothermic valley at 1183 °C may be related to its final decomposition, or to the 
formation of a liquid phase, which incorporates high amounts of calcium fluoride, and from which the 
precipitation of forsterite may occur. 
This behavior of magnesium fluoride may be explained by its volatility in the presence of water 
vapor. Messier and Pask [184] postulate that fluorine-containing brucite decomposes to magnesium oxide 
and hydrofluoric acid; whereas the results obtained by Booster et al. [150] proved that its decomposition 
leads to the formation of periclase, sellaite and water vapor. The results indicate that the first reaction is 
most probable for the present studied conditions. This hydrofluoric acid reacts readily with the silicate 
phase of the sintered magnesia, thus forming calcium fluoride and free, amorphous silica, which forms 
forsterite at higher temperatures in mixture 4. In the case of the samples containing silica (mixture 3), 
there is little brucite to be decomposed; the major amount of fluorine is contained by the M-S-H(F) phase, 
which converts to humite minerals upon dehydration. However, the humite minerals decompose at 
temperatures between 840 and 1050 °C, and no crystalline phases containing fluorine were identified. As 
will be seen in Section 4.5, the absence of fluorides in the XRD analysis is most probably related to their 
presence in a liquid phase. 
Microstructural features were observed by SEM (Figure 4.19). When only magnesia and water are 
mixed, the brucite crystals formed are easily distinguishable in the form of hexagonal platelets. With the 
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presence of magnesium fluoride, the crystals are thinner and more agglomerated. The edges are, however, 
sharp like in mixture 1. With the presence of silica, the brucite crystals are corroded in their edges, and 
are connected by an amorphous mass, which is probably the M-S-H phase. The presence of fluoride in 
this system has no distinguishable effect on the microstructure. Thus, magnesium fluoride does not affect 
significantly the phase assemblage and the bonds in the magnesia-water system, but changes significantly 
the morphology of the brucite, probably by being incorporated to it, as the XRD spectra shows.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.19 SEM microstructures (secondary electron mode) of (a) mixture 1, (b) mixture 2, (c) mixture 
3, and (d) mixture 4, all at 20,000x magnification. 
 
 
4.4. Study of silica-bonded magnesia castables 
 
 
Microsilica was selected as the bonding system for magnesia castables due to the strong bond and to 
the anti-hydration effect. The first step of the work was to identify the minimum amount of silica 
necessary to provide a full anti-hydration effect in the real-sized probes, as well as the study of the 
66 
 
mechanism by which microsilica works, as regards to castables. Afterwards, some of the above studied 
compounds were added to the concretes, in order to reduce the maximum silica content, without affecting 
negatively its final properties. In this study, magnesium fluoride was identified as the best additive, and 
its amount and type were optimized. Following this study, the effect of the water amount and other 
variables on the properties and crack behavior of the castable was studied. At last, some properties of the 
fired castable will be presented. 
 
 
4.4.1. Optimization of microsilica content – focus on hydration protection 
 
 
DBM-based castables were produced with different contents of microsilica Elkem® 955U, but 
similar particle size distribution (the difference in PSD lies on the different sizes of microsilica and BMF 
of magnesia). The PSD model adopted was an Andreasen distribution [185-187] with coefficient of 
distribution (q) of 0.31. According to previous works [95], this is the best adjustment of the PSD to 
provide self-flowability with the DBM used in this work. The maximum grain size was 6 mm. 
Castament® VP65 was used as dispersing aid in an amount of 0.20% (corresponding to 0.67% of the 
weight of the matrix), and water had to be adjusted according to the flow behavior of the castable. For 
higher contents of microsilica a lower water content had to be employed, otherwise segregation of water 
and fines was observed in the casted shapes, with no increase in free flow. Microsilica and water contents 
for the studied compositions, as well as free flow value are presented on Table 4.5. Due to the low free 
flow value of sample S0 (without microsilica), it was vibrated in the mold. 
 
Table 4.5 Compositions studied to optimize the silica content necessary to have a crack-free real-
sized sample after drying. For macroscopic damage, see explanation in the text. 
Composition S0 S1 S3 S5 S75 
Microsilica content (%) 0 1 3 5 7.5 
Water content (%) 5.5 5.5 5.5 5.1 5.1 
Free flow value (%) 25 114 121 99 87 
Macroscopic damage Severe Severe  Medium Minor None 
 
The macroscopic damage presented in Table 4.5 is related to the extension of the cracks formed. A 
severe damage occurs with the formation of interconnecting cracks in all the sides of the cube, with a 
visual increase in volume. A medium damage also occurs in all the sides of the cube, but the cracks are 
thinner, and no increase in volume can be observed. Minor damage occurs in the form of fine non-
interconnecting cracks, which do not appear in the whole extent of the cube. Figure 4.20 shows 
photographs of some samples, as an example of the extent of damage observed. 
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(a) 
 
(b) 
 
(c) 
Figure 4.20 Photographs of samples after the hydration test. (a) sample S0; (b) sample S3; (c) sample S5. 
The yellow arrow indicates the presence of a crack. 
 
The core of each sample was extracted, in order to evaluate the phases formed. Thermogravimetry of 
the bulk sample (Figure 4.21), TGA (Figure 4.22), DSC (Figure 4.23) and XRD (Figure 4.24) were done, 
and the results are graphically presented. Brucite could barely be detected by XRD when an amount of 
5% or more of microsilica was added to the castable. Its presence is only noticed in the sample S5 in the 
TGA and DSC, due to a small peak at the dTG/dT curve, and a small endotherm. Sample S75 presented no 
signs of brucite in the DSC/TGA analysis. Even though the magnesium hydroxide is apparently not 
present, a significant weight loss is observed in these compositions at temperatures higher than 200 °C. 
As the amount of silica is increased in the castable, the curve of retained weight becomes smoother, with 
a better distribution of weight loss during the heat-up of the sample. The thermogravimetry of the bulk 
shows that, even though the macroscopic aspect of the samples is improved with 3% of microsilica 
addition, the total weight loss increases, and the weight loss of the material containing 5% of microsilica 
is roughly the same as for the castable containing 100% DBM. Table 4.6 was prepared, with the major 
features analyzed in the thermogravimetric tests, in order to ease the evaluation of the results. 
A first feature is the generally higher weight loss measured in the TGA test, when compared to the 
thermogravimetry of the bulk. The probable reason for this observation is the higher hygroscopic 
characteristic of the powders, when compared to the bulk. Moreover, the temperatures of maximum 
weight loss are higher for the powder than for the bulk, which may be due to a build-up of higher water 
pressures inside the vial used for the analysis of the powder [188], or to the easier adsorption of the 
released water onto the fresh surfaces of magnesia, an effect which would be more likely in powder than 
in bulk samples, due to the higher specific surface area of the former. Powder samples also presented a 
higher weight loss at temperatures higher than 500 °C, a phenomenon which may either be related to their 
faster carbonation during preparation (traces of magnesium carbonated phases were identified in the XRD 
spectra), or due to the release of water molecules strongly adsorbed onto the fresh surface of magnesia, 
which may occur at temperatures up to 1000 °C, as already previously reported [6]. This delayed release 
of water is correlated to the higher temperatures necessary to decompose the hydroxide, and the 
adsorption of water on the fresh surface of magnesia is the most probable explanation for both 
observations. 
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Figure 4.21 Thermogravimetric curves of bulk samples of the core of compositions presented in Table 
4.5. The box at the upper right corner is the derivative of the curves (x-axis up to 500 °C). 
 
It is also noticed that, as the amount of microsilica in the castable is increased, the weight loss during 
the heating of the sample is not only smoother, but also less intense between 200 and 600 °C. The weight 
loss at temperatures lower than 200 °C is due to the liberation of adsorbed water, either during the 
preparation and handling of the sample, or due to the contact with atmosphere after the drying period. The 
loss at temperatures between 200 and 600 °C may be associated either to the decomposition of 
magnesium hydroxide, or to the decomposition of the M-S-H phase, or to both. For higher contents of 
microsilica, higher amounts of water are retained in the M-S-H phase. Due to the poor crystallinity of this 
compound, water release occurs in a broad range of temperature, and re-hydration is more likely, which is 
reflected in the higher weight loss at T < 200 °C. 
The DSC profile measured provides a good insight in the nature of the M-S-H bond formed. The 
presence of exothermic peaks at temperatures ranging from 820 to 840 °C agrees well with the analyses 
of serpentine minerals made by other authors [131-133], and gives support to the observations of 
Kalousek and Mui [129]. At mild conditions, and with M:S molar ratios higher than 1.5, the formation of 
chrysotile and brucite are favored, provided that enough time for the reaction is available (between 2 and 
4 hours at 150 °C). Thus, it is more probable that the reacted silica is present in the form of a serpentine-
like mineral, with M:S molar ratio close to 1.5, and not as the talc-like low crystalline phase suggested by 
Nan et al.[66]. Moreover, not all silica reacts, and a significant amount of unreacted microsilica was 
found in SEM images (Figure 4.25c). 
The precipitation of the M-S-H phase occurs with the corrosion of the fine grains of magnesia present 
in the matrix and its precipitation in the interstices between the DBM grains. Figure 4.25 presents SEM 
images of the matrixes of samples S0, S3, and S75. As the silica content is increased, the fine particles of 
magnesia become less identifiable. The smoother aspect of the bonding phase is due to the precipitation 
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of the M-S-H phase, which is probably a gel-like phase, due to its absence in the XRD analysis, and to the 
morphological features presented. This morphology is related to the corrosion of the edges of the brucite 
crystals observed at Figure 4.19b. 
 
 
Figure 4.22 TGA analysis of samples taken from the core of compositions presented in Table 4.5. The 
box at the upper right corner is the derivative of the curves (x-axis up to 600 °C). 
 
 
Figure 4.23 DSC analysis of samples taken from the core of compositions presented in Table 4.5.  
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Figure 4.24 XRD spectra of samples taken from the core of the compositions presented in Table 4.5. To 
better show the presence of brucite, only the regions of 2θ from 18.2 to 19.0 and from 37.5 
and 38.5° are shown. 
 
Table 4.6 Major features of TGA and DSC analyses for castables with variable amount of microsilica. 
Composition S0 S1 S3 S5 S75 
Thermogravimetry of the bulk      
Temperature of maximum brucite decomposition (°C) 352 347 358 356 - 
Total weight loss (%) 2.4 2.7 2.7 2.5 2.2 
Total weight loss in the range 200-600°C (%) 2.4 2.5 2.1 1.8 1.4 
TGA (powder sample)      
Temperature of maximum brucite decomposition (°C) 392 382 373 365 - 
Total weight loss (%) 2.39 3.14 3.01 2.52 2.69 
Total weight loss in the range 200-600°C (%) 2.21 2.73 2.11 1.75 1.48 
DSC (powder sample)      
Temperature of maximum brucite decomposition (°C) 395 381 370 375 - 
Temperature of exothermic peak (°C) - 819 833 837 841 
 
From the results hereby presented, microsilica does not act as an anti-hydration additive, as 
elsewhere reported [2]. Just the contrary, microsilica increases the hydration rates of magnesia-based 
castables, as can be also noticed by the much faster setting times (about 75 minutes for compositions with 
3% microsilica, when compared to 24 hours for compositions without microsilica), and to the higher 
weight loss measured by thermogravimetry. Microsilica, however, changes the nature of the hydration 
product. By reacting with the newly formed magnesium hydroxide, silica fosters the precipitation of a 
serpentine precursor of poor crystallinity, which precipitates in the interstices of the magnesia grains. This 
precipitation does not generate internal stresses, like the disruptive growth of brucite crystals onto 
periclase. Moreover, the low crystallinity of the compound is characterized by the bond of water 
molecules with different strengths, contrary to a highly ordered product of reaction (e.g. brucite). Thus, 
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water evolution takes place in a wide range of temperatures and crack formation due to entrapment of 
water vapor inside the castable is less likely when the M-S-H phase is present. More details about this 
mechanism can be found elsewhere [158]. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.25 SEM secondary electron images of samples (a) S0 – magnification 500x, (b) S3 – 
magnification 500x, (c) S3 – magnification 10,000x, detail of an unreacted microsilica 
sphere (pointed by the arrow) and (c) S75 – magnification 500x. 
 
 
4.4.2. Effect of anti-hydration additives on castables containing microsilica 
 
 
Of the anti-hydration additives previously reported, citric acid monohydrate, tartaric acid, boric acid 
and magnesium fluoride were tested in the castables, in order to avoid damage by hydration of the 
magnesium oxide. The complete elimination of microsilica was not the aim of the study, but the reduction 
of its content. The studies described in the former Section showed that a level of addition of microsilica at 
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3% is suitable to provide adequate placing properties with a low level of water addition. Higher additions 
could lead to reduced water demand, but also to poorer workability and flowability (the maximum self-
flow attainable was on the order of 100%). On the other hand, self-flow without the addition of 
microsilica was only possible for water levels higher than 6.0%, always accompanied by water 
segregation. As long as the study of hydration of pressed powders in autoclave detected a suitable 
effectiveness of these additives at an addition level of 2.5% in weight (Table 4.2), it was decided to test 
the addition of 0.675% of each additive in the castable, since this quantity corresponds to 2.5% of 
additive over the total weight of DBM in the matrix of the castable. 
The first observation was the effect of each additive on the rheology of the system. For dilute 
suspensions, the three acids promote a thickening of the slip, with a stronger effect observed for the 
addition of tartaric acid (Figure 4.10). Table 4.7 presents the water content, the flow value and the 
macroscopic aspect of the castables after dry-out. All four additives provided a protection against 
hydration-related cracks for the castables containing 3% microsilica. However, only magnesium fluoride 
did not disturb the flow characteristics of the concrete, being the other three additives responsible for a 
great loss in flowability, despite the increase in water addition. 
 
Table 4.7 Compositions studied to evaluate the effect of some additives on the cracking due to 
hydration of real-sized sample after drying. S3 composition is presented as a comparison. 
Composition S3 Sca Sta Sba Smf 
Additive type - Citric acid 
monohydrate 
Tartaric acid Boric acid Magnesium 
fluoride 
Water content (%) 5.5 9.0 9.0 6.9 5.5 
Free flow value (%) 121 0 0 0 120 
Vibra-flow value (%) - 180 irregular 190 - 
Macroscopic damage Medium None None None None 
 
The influence of the acid additives on the rheology of magnesia slips could also be observed in the 
present study, by an almost instantaneous decrease in flowability, with major visual changes in 
consistency. The material, which normally is a coherent and dense mass, presented a foamy aspect with 
no flow under its own wait. Moreover, water demand increased sensibly, and no change in the self-
flowability was noted. With tartaric acid, the effect was more pronounced; the mass could flow under 
vibration in the form, but it could not present a measurable regular flow pattern after vibration. Not only 
placing properties were strongly affected, but also the curing time. After 24 hours, demolding had to be 
done very carefully, since the castables were still in a ―mushy‖ state, and slight deformation of the 
geometry of the casted pieces occurred. Figure 4.26 presents the thermogravimetric curves of bulk 
samples of the core up to 500 °C. It is clear that the additives effectively work in the avoidance of the 
hydration of magnesium oxide, which hinders the reaction with silica and the formation of the strong M-
S-H bond. For tartaric and citric acids, the higher loss on ignition may be due to the decomposition of the 
tartrates and citrates formed in combination with MgO, like shown at Section 4.1. Nonetheless, the little 
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formation of brucite, or its formation in crystallites small enough not to raise damaging stresses inside the 
samples, is responsible for the formation of sound samples after drying. 
 
 
Figure 4.26 Thermogravimetric curves of the bulk cores of compositions presented at Table 4.7. 
 
In order to evaluate the effect of smaller amounts of citric and tartaric acids on the placing properties 
of the castable, a further study was done, with different amounts of citric acid monohydrate or tartaric 
acid added to the castable containing 3% microsilica. The results presented in Figure 4.27 show that, for 
additions of 0.10 and 0.15% of citric acid and tartaric acid, respectively, the water demand increases, in 
order to maintain adequate flow levels. Thus, the next step was to cast cubes for the hydration test with a 
lower amount of additive. Cubes with 0.15% of citric acid, and with 0.15% of tartaric acid — both with 
5.5% of water — were cast and dried. Free flow for both compositions was null, but the castable was 
easily molded by vibration. However, both cubes presented a medium level of cracking, just like the 
composition without additive. As long as this level of addition corresponds to 0.5% over the matrix 
content, a poor protection of the castable against hydration could already be expected, according to the 
results presented at Table 4.2. 
At last, the mechanical properties and apparent porosity of the castables with the four studied 
additives was tested, after drying at 120 °C x 24 h. The results are presented at Table 4.8 and show the 
deleterious effect of the three acids on the properties of the castable. The presence of the acids hinders the 
formation of brucite and, consequently, the formation of the M-S-H phase which provides the higher 
strength to the material. Hence, the addition of citric, tartaric or boric acid to magnesia based castables is 
not technologically advantageous, due to poor placing and physical properties, as well as to the retarded 
setting time and handling problems. 
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Figure 4.27 Water demand and free flow of the magnesia castable with 3% microsilica, as a function of 
the amount of citric or tartaric acid. 
 
Table 4.8 Mechanical and physical properties after drying of the compositions presented at Table 4.7. 
S0 and S3 compositions are presented, as a comparison. 
Composition S0 S3 Sca Sta Sba Smf 
  ̅ s  ̅ s  ̅ s  ̅ s  ̅ s  ̅ s 
Water content (%) 5.5 5.5 8.9 8.9 6.6 5.5 
Cold crushing 
strength (MPa) 
12 1 80 6 26 5 11 1 4.7 0.4 64 1 
Cold modulus of 
rupture (MPa) 
< 1.5* 11.6 0.2 < 1.5* < 1.5* < 1.5* 8.9 0.2 
Apparent porosity 
(%)** 
15.7 0.2 14.7 0.3 21.5 0.9 21.2 0.7 19.4 0.4 14.3 0.4 
Bulk density 
(g/cm³)** 
2.88 0.01 2.84 0.01 2.60 0.03 2.63 0.02 2.72 0.01 2.88 0.02 
* the measurement was below the detection limit of the load cell 
** Samples S0, Sca, Sta and Sba lost mass during the test, affecting the reliability of the results. 
 
Magnesium fluoride, on the other hand, presents an interesting potential to reduce the damage due to 
hydration in magnesia castables. No cracks were visibly identified, even though the added amount of 
microsilica was halved. No effect on the placing properties or on the setting time occurred, and the 
properties of the castable after cure were similar to (or slightly lower than) those of the castable without 
additive. The studies previously reported at Section 4.3 showed that, in the presence of magnesium 
fluoride, the morphology of the magnesium hydroxide is altered, even though its crystallinity is 
maintained. In systems containing silica, however, the fluoride is incorporated to the M-S-H phase, 
forming poorly-crystalline precursors of humite minerals (M-S-H(F)).  
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To verify if the effect was attained due to the magnesium fluoride itself, or to the fluorine present in 
the system, or to the combination between magnesium fluoride and microsilica, the following 
compositions were prepared: (i) 0.75% magnesium fluoride, without microsilica (the amount of additive 
was increased in order to keep the same MgO:MgF2 weight ratio in the matrix); and (ii) 0.675% calcium 
fluoride, with the use of 3% microsilica. Both castables presented cracking similar to their counterparts 
without additive, viz. compositions S0 and S3, respectively. The thermogravimetric study of their bulk 
core is presented at Figure 4.28. Thermogravimetric curves are similar between the two conditions above 
described and their counterparts. It is noteworthy that the addition of magnesium fluoride increases the 
amount of formed brucite and the weight loss after 400 °C, first due to the dehydration of the brucite with 
fluorine incorporated, second due to volatilization of fluoride at higher temperatures. 
This result shows that magnesium fluoride has a strong effect in the avoidance of hydration in 
presence of silica, but not as sole additive. One explanation would be that, by incorporating it to the M-S-
H phase, its M:S ratio is altered. Humite minerals have chemical formula nMg2SiO4.Mg(OH,F)2, n = 1, 2, 
3, 4; with M:S molar ratio of 3, 2.5, 2.33, or 2.25, according to the compound formed. Intermediate ratios 
are possible, due to the mixture of phases and to the poor crystallinity. Thus, less microsilica is needed to 
precipitate the same amount of gel. Moreover, the presence of magnesium fluoride also increases the 
formation of brucite (Figure 4.28), due to its incorporation in the crystalline structure of the hydroxide. As 
long as the silicohydrate phase is formed from the corrosion of the brucite crystals by the silicic acid in 
solution, a higher amount of brucite, or its faster formation, may enhance the dissolution and reaction of 
the microsilica, or rather silicic acid. 
 
 
Figure 4.28 Thermogravimetric curves of the bulk cores of compositions with magnesium fluoride and 
calcium fluoride, with or without the addition of microsilica. 
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If the statements of the above paragraph are true, the microstructure of the castable containing 
magnesium fluoride should be closer to that of composition S75 than to composition S3. Nonetheless, the 
introduction of magnesium fluoride creates a unique morphology (Figure 4.29b), in which the 
microspheres of silica were completely corroded and replaced by hollow spheres and ring structures, 
which contrasts with the unreacted silica and round pores left by the reaction of silica in compositions 
without fluoride (Figures 4.25b and 4.29c). The higher dissolution and reaction of the microsilica fostered 
by the faster precipitation of brucite led to the formation of a more permeable structure, in which the M-
S-H(F) phase also precipitates in the space previously occupied by microsilica particles. At lower 
magnifications, however, the aspect of the castable resembles composition S3 (Figure 4.25b). 
 
 
(a) 
 
(b) 
 
(c) 
Figure 4.29 SEM secondary electron micrographs of compositions: (a) Smf at 500x magnification; (b) 
Smf at 10,000x magnification, and (c) S75 at 10,000x magnification. 
 
Another important aspect that denotes the change in the structure of the silicohydrate phase are the 
TGA and DSC curves, and the XRD profile, as presented in Figures 4.30, 4.31 and 4.32, respectively. The 
addition of magnesium fluoride led to the formation of almost no brucite, either identified by XRD or by 
DSC/TGA (brucite amount was calculated as 0.6% with the Rietveld method, the same amount measured 
for composition S75). The little shift in the direction of higher temperatures, as identified in the dTG/dT 
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and DSC curves, is typical of the incorporation of fluorine in the structure of brucite. However, the 
intensity is too low to allow a precise determination. The TGA curve is very similar to that of 
composition S75 at temperatures higher than 250 °C, but close to composition S3 at lower temperatures. 
This observation is explained by the smaller amount of M-S-H(F) phase, when compared to the amount of 
M-S-H phase in sample S75, a phase that adsorbs water from the atmosphere. For sample Smf the amount 
of the low crystalline phase is probably close to the amount observed at composition S3, due to the same 
level of microsilica addition. However, as long as the amount of brucite is close to zero, the shape of the 
curve resembles that of composition S75, which also presents almost no hydroxide. 
 
 
Figure 4.30 TGA of the core of composition Smf. Compositions S3 and S75 are presented for 
comparison. The box at the upper right corner is the derivative of the curves. 
 
 
Figure 4.31 DSC of the core of composition Smf. Compositions S3 and S75 are presented for comparison. 
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At last, the DSC profile presents a significant change in the exothermic peak, with a broader base and 
much lower intensity. The maximum was also dislocated to a lower temperature (805 °C, compared to 
833 and 841 °C for S3 and S75, respectively). This change is closely related to the changes observed with 
the addition of magnesium fluoride in magnesia-silica pastes (Section 4.3), and is related to the 
precipitation of chondrodite. 
 
 
Figure 4.32 XRD spectrum of the composition Smf after cure. The spectra of compositions S3 and S75 
are presented for comparison. 
 
 
4.4.3. Optimization of type and amount of magnesium fluoride 
 
 
After the identification of magnesium fluoride as an effective additive to promote the protection 
against damage due to hydration, by changing the structure of the M-S-H phase to a M-S-H(F) phase, it 
was necessary to identify the minimum amount of fluoride necessary to provide protection for the 
geometry studied, as well as to evaluate if the change in the type of fluoride would change its effect. 
Studies were made with the following additions of magnesium fluoride type 1: (i) 0.675% (Smf); (ii) 
0.540% (Smf-20); (iii) 0.405% (Smf-15); (iv) 0.270% (Smf-10); and (v) 0.135% (Smf-05). These amounts 
correspond to a total content over the total weight of DBM in the matrix of (i) 2.5%; (ii) 2.0%; (iii) 1.5%; 
(iv) 1.0%; and (v) 0.5%, respectively. Cracks appeared only when the addition of magnesium fluoride 
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was of 0.135%. All other compositions provided sound blocks. Even for the composition with cracks, 
their size and shape was not as critical as those observed for composition S3, as presented at Figure 4.33. 
 
 
Figure 4.33 Photograph of composition Smf-05. For a comparison with composition S3, see Figure 4.18b. 
The arrow shows the crack, which extended over the top of the cube from one side to the 
other. 
 
Figure 4.34 presents the thermogravimetric measurements on the bulk of the core of the blocks. It is 
observed that, for a content of magnesium fluoride between 0.27 and 0.675%, no increase on the weight 
loss and on the amount of brucite (verified by the derivative curve) is detected. With 0.135% of 
magnesium fluoride, the thermogravimetric curve is almost the same as that obtained for the composition 
without additive. As long as smaller cracks were observed, it is inferred that the fluoride has an effect in 
the crack formation, but not enough to keep structural integrity, due to its limited amount.  
The sudden change in behavior of the thermogravimetric curve between 0.135 and 0.270% indicates 
that there is an excess of magnesium fluoride above 0.270%. In other words, the increase in the amount of 
fluoride available in the system to react with the precipitating brucite and/or M-S-H phases only adds 
inert MgF2 into the castable, with no real effect on the avoidance of hydration. Lower contents are not 
able to foster the formation of enough amount of M-S-H(F) phase in expense to the formed brucite, and 
damage by hydration occurs. 
Not only the amount of fluoride proved to be important, but also its type. Another magnesium 
fluoride (magnesium fluoride 2) was tested for the hydration resistance in a content of 0.270% 
(composition Smf-sa). The prepared sample also presented cracks, similar to those presented at Figure 4.33, 
and the thermogravimetric curve is presented at Figure 4.34. The weight loss is higher when compared to 
magnesium fluoride 1, even though less weight is lost at temperatures below 300 °C. Moreover, the 
presence of brucite is detected in the derivative of the curve. These observations lead to the conclusion 
that less M-S-H(F) phase was formed. 
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Figure 4.34 Thermogravimetric curves of bulk samples of the castables studied for the reduction of the 
content of magnesium fluoride. The box at the upper right corner is the derivative of the 
curves. For the measurement of composition Smf-sa, an error is observed at around 800 °C, 
due to an unknown cause. 
 
There are two major differences between the two fluorides: particle size distribution and BET 
specific surface area. Figure 4.35 presents the particle size distribution of both compounds. BET specific 
surface area was 56.829 m²/g for magnesium fluoride 1 and 37.002 m²/g for magnesium fluoride 2. Thus, 
the reactivity of the magnesium fluoride is very important for the mechanism of protection against 
hydration, probably due to the easier dissolution and/or incorporation of finer particles with more active 
surface on the brucite and/or to the M-S-H phase during their formation.  
 
 
(a) 
 
(b) 
Figure 4.35 Particle size distribution of the two magnesium fluorides studied in the present work. (a) 
discrete PSD; (b) cumulative PSD. 
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4.4.4. Effect of other variables on the hydration behavior of the castable 
 
 
Some parallel studies were also done, in order to better map the effect of other important variables on 
the hydration behavior of the magnesia castables. These studies do not present a complete coherence with 
the studies above presented because of the timeline of their completion. In this Section, the effect of the 
variables below will be presented: 
(a) Reactiveness of the magnesia – in this case, a composition with 3% microsilica in the matrix had 
its magnesia in the matrix completely changed for electrofused magnesia (EFM); 
(b) Effect of the addition of alumina in the matrix – parts of the DBM of the matrix were changed to 
different types of alumina; 
(c) Effect of the water content – castables with 5% of microsilica were molded with different 
amounts of water, and the effect on the hydration resistance was verified; 
(d) Effect of curing conditions – the castable with 3% microsilica was used. Different curing 
conditions were adopted: 5, 17, 30 and 45 °C, with 75% relative humidity; 17 °C with 100% 
relative humidity. Additionally, with cure at 17 °C and 75% relative humidity for 2, 5 and 8 
days; 
(e) Effect of geometry of the casted body – pieces with size 100x100x100 mm³ and 150x100x74 
mm³ were prepared with castable S3, and the damage after drying was compared to the 
150x150x150 mm³ cubes. 
Regarding the study with EFM, its use provided sound cubes, due to the lower hydration of the 
castable, as measured by thermogravimetry (Figure 4.36). Due to the lower formation of brucite, less 
stress arises in the bulk of the castable, and CCS and CMOR are increased by 46 and 14%, respectively, 
with a 12% decrease in apparent porosity. 
By the result above, it would be advisable to substitute partially or completely the matrix of the 
castable by an inert raw material, in order to improve the hydration resistance of the castable, an approach 
also used elsewhere [67]. Thus, the following castables were studied: 
(a) Composition A7: q = 0.31, maximum diameter 6 mm, matrix composed of 22.5% DBM and 
7.5% alumina CTC-50; 
(b) Composition A15: q = 0.31, maximum diameter 6 mm, matrix composed of 15% DBM, 7.5% 
alumina CTC-50 and 7.5% tabular alumina <  45 µm; 
(c) Composition A22: q = 0.31, maximum diameter 6 mm, matrix composed of 7.5% DBM, 7.5% 
alumina CTC-50, 7.5% tabular alumina <  45 µm and 7.5% tabular alumina < 200 µm; 
(d) Composition A30: q = 0.31, maximum diameter 6 mm, matrix composed of 7.5% alumina CTC-
50, 11% tabular alumina <  45 µm and 11.5% tabular alumina < 200 µm; 
(e) Composition As: q = 0.31, maximum diameter 6 mm, matrix composed of 7.5% DBM, 18% 
tabular alumina <  45 µm, 9% tabular alumina < 200 µm and 3% microsilica; 
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Figure 4.36 Thermogravimetric curves of bulk samples of the castable with EFM in the matrix, 
compared to the castable with DBM. 
 
Figure 4.37 presents the photograph of composition A15 after drying. Both compositions A7 and A15 
were destroyed during the dry-out of the castable, and composition A22 presented severe damage, with 
perceptible increase in volume. Composition A30 also presented cracks, but in a minor extent, whereas 
composition As was sound. Figure 4.38 presents the thermogravimetry of bulk samples of the core of the 
studied compositions, with a comparison to composition S0. According to these results, the addition of 
alumina in the matrix enhances the formation of brucite in the castable. XRD, DSC and TGA analyses 
proved that no other hydrated phase is present in the castable, as, for instance, hydrotalcite-like 
compounds. Even with complete removal of magnesia from the matrix, the castable still hydrates 
disruptively, because also the surface of the coarse grains is hydrated. Thus, only with the addition of 
microsilica is the castable free from damage due to brucite formation. 
 
 
Figure 4.37 Photograph of composition A15 after drying. The pieces were carefully collected in the 
oven, in order to obtain the sample from the core of the block. The remains of the castable, 
due to their friability, had to be conditioned in a box. 
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Figure 4.38 Thermogravimetric curves of bulk samples of the castable with alumina in the matrix. The 
small box at the lower left part is the derivative of the curves. 
 
The increased formation of brucite in the castables with alumina-rich matrix is due to the better 
particle packing provided by the different particle size distributions of the raw materials employed. The 
effect on the castable is seen on Figure 4.39, where a micrograph of the matrix of a castable containing 
alumina is depicted. The porous structure formed by the pure magnesia castable is replaced by a dense 
structure, in which the inert alumina provides a lower permeability that hinders water vapor evolution 
during dry-out and increases the water vapor pressure inside the casted body, thus enhancing hydration of 
the magnesia. The effect of alumina on the hydration of magnesia-based castables is thoroughly discussed 
at Ref. [158]. 
 
 
(a) 
 
(b) 
Figure 4.39 SEM secondary electron micrograph of (a) composition A22 and (b) composition S0. 
Magnification 1,000x.  
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As long as the amount of retained water is much smaller than the amount of added water, and the 
reduction of permeability increased the formation of brucite, the effect of the total amount of added water 
was studied for compositions with 5% microsilica. Lower water content induces lower permeability of the 
formed pieces, especially when vibration is used as forming technique. Castables with 4.5 and 4.0% water 
(the latter was vibrated) were produced, and compared to the castable with 5.1% water. The aspect of the 
samples was the same, as well as their thermogravimetric curves (Figure 4.40). Thus, for the castables 
containing microsilica as an additive, the amount of water does not influence the hydration behavior — 
even though the apparent porosity decreased from 14.0 to 12.6% and the bulk density increased from 2.85 
to 2.90 g/cm³ — since there will always be enough water to foster the formation of the protective M-S-H 
phase. The effect of this phase on the soundness of the casted pieces is more important than the 
permeability itself.  
Figure 4.41 shows the effect of different curing conditions on the thermogravimetric curves measured 
on bulk samples of the core of the castable. The cure at low temperature (5 °C), as well as the cure at high 
temperature (45 °C), stimulates the formation of brucite during the drying of the casting. At higher 
temperatures, the kinetics of hydration by liquid water is accelerated, and it is probable that such an 
increase is due to hydration during the cure. At lower temperatures, a higher amount of water is retained 
in the pores, due to the lower evaporation. Thus, more water is available to be pressurized during the 
drying process, resulting in increased hydration. Between 17 and 30 °C, little differences are observed. 
Additionally, no effect of relative humidity between 75 and 100% could be measured. Regarding the 
aspect of the castings, the only piece which showed more extensive crack formation was that cured at 45 
°C, reflecting the higher brucite formation. 
 
 
Figure 4.40 Thermogravimetric curves of bulk samples of castables containing 5% microsilica and 
variable amount of water.  
 
0 200 400 600 800 1000
97.5
98.0
98.5
99.0
99.5
100.0
 
 
R
e
ta
in
e
d
 w
e
ig
h
t 
(%
)
Temperature (°C)
 5.1% water
 4.5% water
 4.0% water
85 
 
 
Figure 4.41 Thermogravimetric curves of bulk samples of castables under different curing conditions. 
 
At Figure 4.42, the thermogravimetric results of the castable cured over different periods of time are 
presented. It is seen that, even though the cure at prolonged times did not avoid hydration, it resulted in 
less formation of brucite. Thus, the cure at temperatures between 17 and 30 °C for prolonged times 
should be favored in industrial processes, whenever possible. 
 
 
Figure 4.42 Thermogravimetric curves of bulk samples of castables cured over different times at 17 °C 
and 75% relative humidity. 
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Another last variable which influences the hydration of the castables is its shape, more specifically, 
its geometry. Exception being made to samples containing alumina in the matrix, no other castable 
cracked when 160x40x40 mm³ prisms were cured. However, the same does not hold true for castables 
with bigger dimensions. This is due to the build-up of overheated steam pressures inside the castable, 
being this pressure higher for bigger castings, due to the longer path for water to evolve. Hence, two 
different geometries were tested; a cube with smaller dimensions (100 mm side), and a prism with 
dimensions 150x100x74 mm³; in comparison to the standard 150x150x150 mm³ cube. Though the 
smaller cube presented no cracks, the prism always presented a single fine crack exactly in the middle of 
its length (150 mm side). The thermogravimetric curves of the core of these samples (Figure 4.43) show 
that the smaller cubes presented less brucite than the prism. The highest brucite content was measured for 
the bigger cube, and the derivative curve shows that just a very weak peak of brucite decomposition was 
observed for the smaller geometries. The fact that the prism cracks exactly in the middle of its length 
shows that water does not necessarily evolves in the direction of the ―shorter path‖ (74 mm side), but that, 
during the heating of the castings, water evolves three-dimensionally and the most important dimension is 
always the longest one. 
 
 
Figure 4.43 Thermogravimetric curves of bulk samples of castables with different geometry. The small 
box at the lower left part is the derivative of the curves. 
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4.5. Properties of the fired castable 
 
 
It is not the aim of the present work to optimize, or even to thoroughly characterize the castable here 
developed. Nonetheless, as long as the introduction of a binding system based on silica and magnesium 
fluoride would probably lead to the weakening of some important properties of the refractory, a brief 
characterization of the Smf formulation is hereby exposed. Comparisons with the concrete without 
microsilica (S0), and also with the concrete with microsilica (S3) are presented, even though none of these 
formulations provided good protection against hydration. 
Table 4.9 presents some properties measured for these compositions after firing at 800, 1000, 1200 
and 1400 °C. There is a minimum in strength at the temperature range 800-1000 °C for all compositions, 
due to the dehydration of the bonding phases. The extreme loss in mechanical strength after brucite is 
decomposed, which was measured at the castable S0, renders it unsuitable for any use in the refractory 
industry. With the presence of microsilica, however, the substitution of the M-S-H phase by a forsterite-
enstatite bond (see Table 4.4) provides very good strength and apparent porosity at the complete range of 
temperatures studied. With the addition of magnesium fluoride, a part of this strength is lost, just like the 
properties measured after curing, due to the lower formation of M-S-H phase after hydration (Section 
4.3). It is also probable that the forsterite-humite (Table 4.4) bond responsible for the structural integrity 
at intermediary temperatures is not as strong as the forsterite-enstatite one. 
Table 4.9 Properties of castables S0, S3 and Smf after firing at different temperatures for 3 hours. 
Temperature (°C) 800 1000 1200 1400 
  ̅ S  ̅ S  ̅ S  ̅ s 
Castable S0 
Permanent linear change (%) -0.06 0.06 -0.08 0.04 -0.17 0.10 -0.29 0.4 
Cold crushing strength (MPa) 3.5 2.3 5.4 1.3 22 2 37 2 
Cold modulus of rupture (MPa) <1.5* < 1.5* 2.8 0.3 5.0 0.7 
Apparent porosity (%)** - - 16.7 0.7 18.3 0.7 17.4 0.2 
Bulk density (g/cm³)** - - 2.88 0.02 2.84 0.02 2.87 0.01 
Castable S3 
Permanent linear change (%) -0.1 0.1 -0.08 0.04 -0.17 0.04 -0.25 0.06 
Cold crushing strength (MPa) 43 2 38 1 47 2 63 7 
Cold modulus of rupture (MPa) 8.9 0.2 8.5 0.4 12.5 0.5 18.4 0.1 
Apparent porosity (%) 17.4 0.4 18.1 0.2 17.4 0.2 17.2 0.3 
Bulk density (g/cm³) 2.85 0.01 2.83 0.01 2.85 0.01 2.86 0.01 
Castable Smf 
Permanent linear change (%) -0.10 0.04 0 0 -0.21 0.04 -0.33 0.07 
Cold crushing strength (MPa) 25 1 25 1 60 6 69 3 
Cold modulus of rupture (MPa) 4.3 0.2 5.7 0.4 16.7 1.2 16.8 0.5 
Apparent porosity (%) 17.1 0.2 17.9 0.1 18.0 0.1 17.2 0.2 
Bulk density (g/cm³) 2.84 0.01 2.85 0.00 2.88 0.01 2.89 0.01 
* the measurement was below the limit of the load cell 
** after 800 °C, it was impossible to measure the apparent porosity and bulk density. After 1000 °C, 
samples were too friable, and lost mass during the test, affecting the reliability of the results. 
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It is important to notice that between 1000 and 1200 °C there is a great improvement in the 
mechanical strength for all compositions, but it is more remarkable when magnesium fluoride is 
available. This increase in strength, associated to the disappearance of fluorine-containing crystalline 
phases, leads to the conclusion that the fluorine at first does not evaporate, but is incorporated to a liquid 
phase, which fosters sinterization and improves the bond in a similar way that is observed between 1200 
and 1400 °C for the S3 composition. As long as the properties are not improved at 1400 °C in comparison 
to composition S3, it is probable that the fluorine is active as mineralizer, which decreases the temperature 
for liquid formation, but does not influence its content. Moreover, PLC is similar for all three 
compositions, which shows that, at this temperature range, the formation of liquid phase is very low, even 
with the presence of the fluxing components silica and magnesium fluoride.  
Other two important properties were measured: refractoriness under load (RUL) and creep resistance. 
Figures 4.44 and 4.45 show these curves, respectively. RUL is still very good for the magnesia castable 
after the addition of microsilica and magnesium fluoride, with RUL curves almost equal for compositions 
S0 and Smf, but with an identifiable decrease in the refractoriness of composition S3, which could not be 
explained. The behavior under creep, however, was sensibly altered. The compositions S3 and Smf 
presented a much higher deformation, with Z5-25 of -1.450 and -2.031%, respectively. For composition S0 
this value was of only 0.685%. This means that the presence of silica in the matrix creates a viscous liquid 
phase, which is not so active in short period, but that, under time and pressure at high temperatures, can 
lead to unacceptable deformation of the refractory lining. The addition of magnesium fluoride acts in this 
liquid phase, probably by reducing its viscosity, due to the incorporation of fluorine to the silica network.  
 
 
Figure 4.44 RUL curves of compositions S0, S3 and Smf. The small disturbance in the Smf curve was due 
to an oscillation of the equipment, not to a physical change. 
 
89 
 
 
Figure 4.45 Creep curves of compositions S0, S3 and Smf. 
  
At last, samples were fired at 1600 °C for 3 hours, and the PLC for S0, S3 and Smf was of -0.34, -0.69 
and -1.7%, respectively. The fluorine, even at low concentrations, presents a major effect on the liquid 
phase formation at higher temperatures, which hinders its use at refractory compositions. In the presence 
of silica, it does not volatilize, but remains in a liquid/vitreous phase. 
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5. Conclusions 
 
 
The present work studied the fundamentals of the technology of castables having magnesia as the 
major raw material. Two of the most important issues for the development of modern magnesia-based 
castables were hereby studied and solutions developed: (i) achievement of self-flow consistency with ease 
and reproducibility; and (ii) control of the hydration of the castable, avoiding the structural spalling due to 
the expansion associated to the formation of brucite. 
For the achievement of free flow values higher than 80% (necessary to characterize a material as a 
self-flow one) with little amount of water, the work was straightforward, and no special attention was 
given to it. With the combination of an Andreasen particle size distribution model with modulus close to 
0.31 and maximum particle diameter between 3 and 6 mm, the addition of a minimum amount of 1% of 
microsilica, and the use of a polycarboxylate ether as a dispersing aid, free flow higher than 100% is 
achieved, with very high reproducibility and no segregation. Moreover, the amount of water was as low 
as 5.5%, being possible to achieve even lower amounts, if the content of microsilica is increased and the 
content of dispersing aid optimized. As long as this was not the aim of this work, studies were done up to 
the development of this configuration, so that the more critical study about the hydration of the castable 
could be focused. 
The literature presents a great number of additives and measures to avoid the hydration of castables 
containing magnesia. These measures were thoroughly discussed in Section 2. A major drawback of 
almost all of these experiments is not to consider the size of the castings prepared. Since the results 
generally reported are from laboratory studies, the castings are almost always too small to be 
representative of what happens during field trials. In order to better assess the probability of hydration of 
magnesia castables, and to relate it to properties essential to the end use of these materials, a new 
methodology had to be developed. Figure 5.1 presents a resume of the major steps used to evaluate the 
hydration of the castables, highlighting the novelties introduced by the present work. The use of 
magnesium fluoride in combination with microsilica may in the future be proved to be impracticable to 
prevent damage by hydration, due to the poorer properties of the castable at high temperatures. However, 
the proposed methodology is solid enough to be applied in future research about this topic, being the 
major contribution of this work. 
The major contribution of the present work was the study of hydration under drying conditions as 
close to industrial ones as possible, with the use of samples big enough to be affected by the water vapor 
evolution from the core to the surface of the casting, which is characteristic of the drying process. This 
approach proved to be very effective, as long as the geometry of the castables influenced significantly the 
cracking behavior and the amount of brucite present in the core of the castables after drying.  
About the effect of geometry, it is noteworthy that the common sense, which says that drying is as 
easy as the smallest dimension of the casting, is wrong. There is an influence of this ―easiest path‖ for 
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water vapor evolution, but the velocity of the steam generation overwhelms the velocity at which steam 
can flow through this ―path‖, and a three-dimensional approach for the influence of geometry must be 
sought. On the short term, prototypes of different sizes can be tested for the probability of hydration (just 
like in this work), but as a sustainable solution, mathematical modeling should be adopted.  
 
 
Figure 5.1 Methodology developed and employed at the present work to assess the hydration behavior 
of magnesia castables. The methodology combines the usual analytical techniques with 
specially designed experiments for the hydration behavior of the matrix by steam 
(autoclave) and by water (pH and rheology), as well as the behavior in real-sized castings 
(cubes) and bulk samples therefrom. This methodology is applicable for the scientific 
evaluation of the hydration behavior of any hydratable material (e.g. castables, slip 
castings, pressed shapes, etc.). 
 
However, for the construction of suitable mathematical models, the full knowledge of the pore 
structure of the castable, and thus of its permeability to gases, is of utmost importance for the prediction 
of water vapor release. Tests with the inert calcined and tabular aluminas proved that a reduction in 
overall permeability of the casting increases the hydration rate and the damage therefrom. Thus, a 
reduction in the overall water content is not a solution for this issue, as long as higher water contents 
promote higher permeability. Even if a higher content of steam will evolve, it finds lower resistance 
against its evolution from the core to the outer surface. More effective approaches should be to control the 
presence of bound water previous to the drying process, by curing the castable under suitable conditions. 
Temperatures between 17 and 30 °C when high relative humidity of the air is present were identified as 
ideal, and the damage due to hydration was reduced with the adoption of longer curing times.  
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It was not only proven that the approaches to hydration generally accepted by the scientific and 
technical literature are not the ideal ones, but also that many anti-hydration additives reported as solutions 
for the refractory castables are probably not feasible for use by the industry, whenever self-flow materials 
are needed. Carboxylic acids and boric acid present too strong an inhibiting effect, avoiding almost 
completely the formation of brucite, which also desirably acts as a binding phase. The mechanical 
properties after cure were very low, and much care was needed to handle the samples, a care which is not 
possible to provide in an industrial environment of high productivity.  
More critical is the effect on the rheology, as long as they coagulate the matrix of the castable and do 
not allow the achievement of a free flow value high enough for good placing properties. With the 
reduction of the content of tartaric and citric acid, the achievement of self-flow consistency was possible, 
but the anti-hydration effect was lost. Hence, the very reaction that protects the castable is the one which 
turns it unusable. The mechanism of protection may also pose a threat for big-sized components, as long 
as a significant amount of magnesium tartrate or citrate, probably with bound water, is formed. These 
compounds decompose at a narrow temperature range, with great heat evolution. The heat evolved fosters 
the reaction of decomposition, and the evolution of gases can affect the structural integrity of the castings. 
This possibility is lower when brucite is decomposed, even though a significant amount of water is 
volatilized, because the dehydration of brucite is an endothermic reaction, which can be controlled by 
lowering the heat input. This effect is not observed with the addition of boric acid; however the presence 
of boron oxide is deleterious for the properties of magnesia-based refractories at high temperatures. 
Only two reported mechanisms were effectively able to provide protection against hydration and 
concomitantly generate castables with properties suitable for industrial use. The first was the use of less 
reactive magnesias, in the present case, electrofused magnesia (EFM). Due to its coarser porosity and 
higher crystalline size, EFM was very effective in the protection against hydration, when compared to 
dead-burned magnesia (DBM). This protection was achieved, however, only by combining its use with 
the second mechanism: the use of microsilica as a bonding phase. Other ligands could be used to avoid 
hydration, but none of them would provide the necessary free-flow value, and it was decided to adopt this 
raw material as the binding system.  
The literature on the use of microsilica in magnesia castables generally reports high silica contents, 
ranging from 6 to 10%, or with the combination with other binders. In this case, microsilica is a filler 
component, used to lower the water demand in binding systems, such as Lithopix® P52 from Zschimmer 
und Schwarz GmbH, which is a mixture of phosphate binders and silica fume. Silica is extensively 
reported as a raw material able to impede the hydration of magnesia. Some isolated studies identified the 
presence of magnesium-silicate-hydrate phases (M-S-H), and associated their presence to the effect 
against hydration, but no systematic study is of the knowledge of this author on the identification of the 
nature of this phase.  
As long as the presence of silica is also detrimental to important properties of magnesia refractories 
— such as refractoriness and corrosion resistance against basic slags —, the reduction of its content is 
desirable, and only the comprehension of the mechanism by which silica acts can provide the way to this 
goal. Therefore, several different hydration tests and techniques were associated, in order to understand 
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the nature of the product of reaction between microsilica and magnesia in water. The use of DBM for the 
developments was favored, because a solution found for DBM will also work for EFM. 
The tests done on magnesia-microsilica-water pastes and castables proved that microsilica forms, in 
the presence of magnesia in water, a low-crystallinity compound of the family of the serpentine minerals, 
when high MgO:SiO2 ratios (M:S) are present (typical of magnesia castables). This compound is 
amorphous in its nature, and is closely related to chrysotile precursors and magnesia-silica hydrogels. The 
presence of an exothermic peak at the temperature range 800-840 °C, the formation of forsterite at 
temperatures lower than 800°C, and the presence of enstatite at temperatures higher than the exotherm are 
typical of serpentine minerals, not of talc. This bond is formed by the corrosion of the brucite crystals by 
the silicic acid present in the system, which is generated by the dissolution of microsilica under basic pH. 
This necessity of the formation of brucite prior to the formation of the M-S-H phase made it not possible 
to enhance the mechanical properties of the castables in the presence of tartaric, citric or boric acid. 
Properties were somewhat better when citric acid monohydrate was used, because this additive does not 
hinders completely the hydration of the magnesia, and the formed brucite is able to react with the 
dissolved microsilica. 
The M-S-H phase presents water in its structure, with different bond strengths, which makes the 
steam evolution steady from room temperature up to 600 °C, a very favorable profile for the release of 
water vapor, from the point of view of structural integrity. It also decomposes to form forsterite and, later 
on, enstatite, which replace M-S-H as the bond structure and provide suitable strength in the whole 
temperature range, contrary to the castables without microsilica in the matrix. An addition of microsilica 
between 5 and 7.5% was necessary to completely eliminate hydration cracks in cubic castings of 
dimensions 150x150x150 mm³, and only a very limited amount of brucite (0.6% by Rietveld analysis) 
could be detected when 7.5% microsilica was added. The brucite is substituted by a formless phase with a 
smooth surface, which precipitates between the grains of magnesia and binds them. This amount of silica, 
however, hastens the setting of the concrete, and also impairs its flowability. 
The addition of magnesium fluoride changes the mechanism of formation of the M-S-H phase, thus 
influencing the properties of the castable. In the presence of the fluoride, brucite is formed either faster or 
in higher amounts (or both). The precipitated magnesium hydroxide incorporates the fluoride in its 
structure, which was observed by the deformation of the crystalline lattice and by the higher temperatures 
needed to decompose the brucite. As long as silicic acid reacts with brucite, not with periclase, the 
fluorine ions are incorporated to the precipitated phase to form a fluorine-containing magnesium-silicate-
hydrate phase (M-S-H(F)), which no longer is a precursor of serpentine, but of humite minerals. 
However, the mechanism of formation of the low crystalline phase is very similar, and no changes on the 
placing properties could be identified.  
The substitution of forsterite and enstatite after firing at temperatures below 1000 °C by clinohumite 
and chondrodite leads to a decrease in bond strength, which was measured by mechanical tests. However, 
the mineralizing effect due to fluoride, the creation of a fluorine-rich liquid phase under lower 
temperatures and the high reactivity of the enstatite, forsterite and cristobalite formed by the 
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decomposition of the fluorine-containing phases lead to a fast sintering between 1000 and 1200 °C, with 
development of suitable mechanical properties. 
For serpentine, M:S equals 1.5, but for humite minerals it varies from 2.25 to 3.0, thus the M-S-H(F) 
phase needs less microsilica to be formed. This reduction on silica demand makes it possible to reduce the 
use of microsilica in order to obtain sound castings after drying. The amount of silica could be roughly 
halved, and the water loss curve and total brucite content of a material with 3% microsilica and 0.675% 
magnesium fluoride was very similar to that of the material with 7.5% microsilica. The lower water loss, 
especially at temperatures below 250 °C, as well as the FT-IR and Raman spectroscopy results, indicate 
that the M-S-H(F) phase incorporates less structural and free water than the M-S-H phase. Moreover, the 
changes in the phase assemblage attenuate the exothermic peak related to the formation of enstatite, thus 
leading to less thermomechanical stress generation during sintering.  
In order to effectively function, magnesium fluoride must be fine and reactive enough; otherwise it 
cannot be incorporated to the M-S-H phase. For castables with 3% microsilica, an amount between 0.135 
and 0.270% of magnesium fluoride was found as ideal. Higher contents did not provide any measurable 
changes to the M-S-H(F) phase. It is probable that the excess of fluoride is left as free magnesium 
fluoride in the system, and reacts with the silicate phases of the clinker to form calcium fluoride. 
However, none could be identified by XRD of castables, probably due to the minute quantities. As long 
as either magnesium or calcium fluorides are deleterious to the properties at high temperature, the content 
of magnesium fluoride used should be optimal for each specific industrial use. 
The incorporation of microsilica to the castable improves some properties after cure and after firing, 
such as free flow value, apparent porosity, cold modulus of rupture and cold crushing strength, especially 
at intermediate temperatures. Besides, pure DBM castables lose their structural integrity at temperatures 
between 800 and 1000 °C. The use of magnesium fluoride impairs some of these properties, mostly at 
intermediate temperatures, but the castables are still suitable for industrial use. However, the presence of 
these two raw materials (silica and fluoride) generate a viscous liquid phase at high temperatures (higher 
than 1400 °C), which is responsible to a significant loss on the resistance to creep, even though 
refractoriness under load was almost unaffected. Moreover, fluorine ions probably decrease the viscosity 
of this phase, and very high creep deformation and permanent linear change after firing at 1600 °C were 
measured when MgF2 was present. 
Hydration of magnesia castables is a complex subject, and it is unlikely that a simple solution 
applicable to all sorts of shapes and compositions can be developed. Nonetheless, some guidelines to the 
production of real-sized castables can be drawn, according to the results obtained in this work. They are 
as follows: 
- Castables should be produced and cured at temperatures between 15 and 35 °C; 
- Curing time under atmospheric conditions should be done for as long as possible, in order to 
allow for the natural evolution of free water. 
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- Particle size distribution should be calculated in order to maximize the permeability of the 
structure. Water amount should be kept at the highest possible level, which still provides suitable 
physical properties and absence of segregation. 
- Refractory castings must be designed with the smallest possible size, in all three dimensions. 
- The use of microsilica was necessary for the achievement of self-flow consistency. It must be 
used in combination with a polycarboxylate ether, in order to achieve free flow values higher 
than 100% with less than 6.0% water content. Addition of small amounts of microsilica, from 
1% up to 7.5% proved to be effective in the improvement of placing characteristics. 
- Microsilica was also very important to provide suitable mechanical properties in the temperature 
range of firing from 150 to 1400 °C, because of the formation of a M-S-H bond, which is 
replaced by a forsterite-enstatite bond after firing. Without this binder, castables were too friable 
at intermediate temperature, due to the absence of bond after the decomposition of brucite. 
- Additives which inhibit the hydration of magnesia should not be used, if no other binder is 
present as ligand, because brucite acts as a binder at low temperatures. Microsilica-bonded 
castables should also not possess any anti-hydration additives because the formation of the M-S-
H bond is dependent on the previous hydration of the magnesia. Moreover, additives such as 
citric acid, tartaric acid and their salts should be avoided, since they generate hydrated 
magnesium citrate/tartrate, which releases a great amount of volatiles at a narrow temperature 
range by an exothermic reaction. 
- Some sorts of magnesium fluoride are suitable additives to modify the silica bond at magnesia 
castables, thus leading to the reduction of the overall microsilica content needed to avoid 
hydration. The subtle changes in the nature of the M-S-H bond provide the following 
advantages: same castable consistency, less entrapped water after cure, and the attenuation of the 
exothermic peak around 800 °C. However, it lowers the mechanical properties after thermal 
treatment at temperatures equal or below 1000 °C, decreases the resistance to creep, and is 
responsible to excessive shrinkage at 1600 °C. 
- The use of electrofused magnesia on the matrix is desirable to avoid hydration cracks. 
It should be pointed out that the technology developed during the present work is probably applicable 
to small components subjected to maximum temperatures around 1500-1550 °C for short times, or for 
prolonged use at temperatures below 1400 °C. Such components include steel tundish furniture, parts of 
cement and lime kilns, and repair mixes. 
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6. Suggestions for future works 
 
 
Based on the present work, it is hereby proposed the further study of the following topics: 
- Mathematical simulation of the dry-out process of magnesia castables, with focus on the 
influence of the geometry of the casting and of the dry-out schedule on the process. 
- Measurements of Computer Tomography, Pore Size Distribution by Mercury Intrusion 
Porosimetry and Gas Adsorption, as well as Elastic Modulus and Thermal Conductivity, in order 
to feed the mathematical models with the suitable boundary conditions. 
- Optimization of the content of magnesium fluoride, according to the microsilica content, and 
mapping of the properties pertinent to end use. 
- Study of the effectiveness of magnesium fluoride with other sources of magnesia, such as lower 
purity DBM, caustic magnesia, and EFM. 
- Study of other types of magnesium fluoride (such as optical grade), and other fluorine containing 
compounds able to be incorporated to brucite, such as hydrofluoric acid. 
- Mapping of the ideal ―humidity-temperature field‖, in which cure should be done, in order to 
minimize the probability of catastrophic hydration. 
- Study of the applicability of the present technology to pumping and shotcreting processes. 
- Field trials of castables containing the technology developed. 
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